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Bfie^eHHe 

CoBpeMeHHafl TeopeTH^ecKaii 4)H3HKa 4)yHflaMeHTajibHbix BsaHMOfleftcTBuii, 
Ha Ham Bsrjiiifl, HMeex ^exbipe ochobhbix HanpaBjienHH: 

1. TeopHH CHjibHbix BsaHMOfleiicTBHii, ocHOBanHaii na KBaHTOBoft XpoMOflH- 

HaMHKe; 

2. TeopHH 3jieKTpoc.jia6bix BsaHMOfleficTBHH; 

3. KfiaHTOBaH rpaBHTaLi,H5i; 

4. TeopnH HOBOH (J)H3HKH, noHBjieHHe KOTopoH 05KHflaeTC5i Ha MacmTa6e TsB, 
flOCTynnoM BojibmoMy AflpoHHOMy KojiJiaiiflepy. 

IlepBoe H3 yKasaHHbix nanpaBjieHHii sanHMaeTCii HsyneHneM 4)H3hkh chjib- 
Hbix B3aHMo;];eiicTBHft. B HacT05iiri;ee BpeM5i CHHTaeTca, hto KX/], npeKpacHO 
onHCbiBaeT flaHHbiii Kjiacc iiBjiewR h hg Hy>KflaeTC5i b floonpeflejieHHH. O^Ha- 
Ko, c BbiHHCJiHTejibHoii TOHKH speHHH KX/], - HCKjiKDHHTejibHO cjiojKHaH HayKa. 
Beflymyio pojib b ee flHnaMHKe nrpaiOT HenepTyp6aTHBHbie HBjieHHH. OflHHM 
H3 MeTOflOB Hx Hsy^eHHH 5IBJI5IIOTC5I pemeTOMHbie CHMyji5iD;HH. CpeflH HaH6ojiee 
Ba^KHbix saflan ynoMiineM o6'b5iCHeHHe MexannsMOB neBbijieTaHHii h cnoHTaHHO- 
ro HapymeHH5i KHpajibHoft CHMMeTpHH. 

BTopoe HanpaBjieHHe CBsisano c HayneHHeM sibjighhh, b KOTopbix nrpaiOT 
pojib 3jieKTpocjia6bie BsaHMOfleiicTBHH. S^ecb Teopna BOSMymenHii b Mo^e- 
jiH BaHH6epra - Cajiaivia npeBOCxo^HO onHCbmaeT peajibHOCTb npn SHeprniix, 
He npeBbimaiomHx cymecTBeHHO 100 FsB. OflnaKO, npo6jieMa nepapxuft yxa- 
SbiBaeT Ha to, hto npn sneprHiix Bbime 1 TsB MOJKeT noiiBHTbCii HOBaa Teo- 
pH5i, npH^GM MOflejib BaHH6epra - CajiaMa ppjiyKna 6biTb ee HHSKOSHeprHTH^e- 
CKHM npH6jiH>KeHHeM. TpaflHii,HOHHO CHHTaeTC5i, HTO HenepTyp6aTHBHbiH ana- 
JIH3 npH HsyneKHH 3jieKTpocjia6bix BsaHMOfleiicTBHH ne Tpe6yeTC5i. OflnaKO, 
HSBecTHO, WTO npH TeMnepaTypax, npH6jin5Kaioiii;Hxc5i k TeMnepaType 9jieK- 
Tpocjia6oro (^aaoBoro nepexo^a (KpoccoBepa) , TeopHH BOSMymeHHH pa6oTaTb 
nepecTaeT. 9to BbisbmaeT Heo6xo;];HMOCTb ncnojibsoBaHHii HenepTyp6aTHBHbix 
MeTo;];oB npn KoneHHoii TeMnepaType. Hpn nyjieBbix TeMnepaTypax Heo6xo;];H- 
MOCTb Hcnojib30BaHH5i HenepTyp6aTHBHbix MeTO^OB CB5i3aHa c cyni,ecTBOBaHHeM 
o6T.eKTOB, ne onncbmaion^HxcH Teopnen BoaMyn^ennii. 3to, nanpnMep, - Tax 
nasbiBaeMbie Z CTpynbi n Mononojin HaM6y, npeflCTaBjiinon^ne KjiaccHHecKne 
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HeycTOHHHBbie pemenHH ypaBHeHHii flBH5KeHH5i. Macca 9thx 06'i.eKTOB OD;eHH- 
BaeTca B paiioHe necKOJibKHx TsB. HosTOMy npn xapaKTepnbix 9HeprH5ix npo- 
i],eccoB, MHoro MeHbinnx TsB, hx no5iBjieHHe He mojkgt bhgcth anaHHTejibHoro 
BKjia^a B Ha6jiK)flaeMbie BejiHHHHbi. CHTyaLi,H5i cymecTBenHO HSMCHHeTCH npn 
npH6jiH5KeHHH xapaKTepHoii SHeprnH npoD;ecca k 1 TsB. S^ecb yKasannbie 061.- 
eKTbi Ha^HHaiOT nrpaTb cymecTBeHHyio pojib. HoBTOMy h OKasbmaeTCii Heo6xo- 
flHMbiM npHMeneHne HenepTyp6aTHBHbix MeTOflOB. 

TpeTbe HanpaBjienne CBHsano c nocTpoeHneM TeopHH KBaHTOBoii rpaBHTa- 
i],HH. HocTpoeHHe TaKoii TeopHH HpeflCTaBji5ieTca Ba>KHbiM b cbhsh c tcm, hto 
HCTopHH BcejieHHoii xax D,ejioro HBjiHeTCfl SKcnepHMeHTOM, aohochu^hm flo nac 
HH4)opMaLi;Hio o paHHHx 9Tanax ee pasBHTHii, Kor^a xapaKxepHbie sneprHH co- 

OTBeTCTBOBajIH HIKajie, Ha KOTOpOft KBaHTOBaH rpaBHTau;H5I MO>KeT nOHBHTb- 

C5I. Cynj;ecTByeT orpoMHoe KOJiH^ecTBO pasjiHHHbix MOflejieii, npeTeH;];yion];Hx na 
OHHcaHHe KBaHTOBOH rpaBHTan;HH. Cpe^H hhx ynoMAHeM Teopnio CTpyn, hgkom- 
MyTaTHBHbie TeopHH, MaTpHHHbie MO^ejin, neTjieByio KBanTOByio rpaBHTan^Hio. 
K cojKajieHHK), na ceroflH^^mnHii p^em, HeB03M0>KH0 c^ejiaTb Bbi6op KaKOii - jih6o 
OflHoii H3 9THX MOflejiGH. HosTOMy aBTop HacT05inj;eH flHCcepTaLi;HH npH Hsyne- 

HHH flaHHOil TCMbl OrpaHHMHJICH MHHHMajIbHbIM Bbl6opOM - KBaHTOBOH TeOpHCH 
PHManOBOH reOMCTpHH. 

HeTBepToe nanpaBjieHHe CBHsano c tcm, hto, KaK 6bijio yxasano Bbime, npn 

sneprHHX HopH/],Ka 1 TsB o>KH/],aeTCH HOHBjieHHe hoboh 4)H3hkh. Cpep^n MO/],ejieH 

3T0H HOBOii 4)H3HKH yHOMHHeM CyHepCHMMeTpHHHbie MOflejIH, MOflOJIH MajIOTO 

Xnrrca, MoflejiH Majioro 06T.eflHHeHH5i, Mo^gjih TexHHH;BeTa. 

TeKCT HacT05in];eH flHCcepTau;HH flejiHTCH na ^CTbipe ^acTH, cooTBCTCTByio- 
n];He KajK^OMy h3 yKasannbix Bbime HanpaBjieHHii. Ka:>Kfla5i h3 ^acTeii coctoht 
H3 Tpex rjiaB, b KOTopbix aBTop OHHCbiBacT pe3yjibTaTbi cbohx Hccjie;];oBaHHH 
3aflaH, OTHOC5Tm,Hxc5i K flaHHOMy HanpaBjienHK). Hpn stom b KOHH;e Ka>KflOH rjia- 
Bbi yKasbiBaeTca chhcok nenaTHbix pa6oT, b KOTopbix 6bijiH OHyGjiHKOBanbi sth 
pe3yjibTaTbi. B KOHu,e Ka>KflOH h3 HacTen pa3Meu],aeTC5i 6H6jiHorpa4)H5i, coot- 
BeTCTByK)n];a5i flanHoii ^acTH. HccjieflOBanHH, OTHOC5inj;Hec5i k pa3HbiM nacTiiM 
flHCcepTau;HH npaKTH^ecKH He3aBHCHMbi flpyr ot flpyra. B to :>Ke BpeMH rjiaBbi 

Ka^KflOH H3 HaCTCH JIOTH^eCKH CB5I3aHbI. HoBTOMy B Ha^ajIC Ka^KflOH ^aCTH Mbl 

noMen],aeM aHHOTaD;Hio npe^CTaBjieHHOH b neii pa6oTbi. B KOHu;e TCKCTa pjiccep- 
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TaD;HH B pasflejie SaKjironeHHe yKasbmaeTCii nojiHbiii cnncoK pa6oT, b KOTopbix 
ony6jiHKOBaHbi pesyjibxaTbi HacT05iiri,eH flHCcepTaii,HH. 

HocKOJibKy flajiee b TeKCTe 6yflyT niHpoKO Hcnojib30BaTbC5i o6o3HaHeHH5i h 

TepMHHOJIOrHH pemeTOHHblX KajIH6pOBOHHbIX TeOpHH, Mbl HX 3/],eCb KpaTKO Ha- 
nOMHHM. 

KaK npaBHjio, paccMaTpHBaiOTCil rHnepKy6H^ecKHe pemeTKH, cocTOiimHe h3 
D - MepHbix rHnepKy6oB, CKjieennbix BMecTe. 06bmH0 xaKJKe npeflnojiaraeT- 
C5I peajiH3aD;H5i nepnoflH^ecKHx rpaHH^Hbix ycjiOBHfi, mto cboahtch k TOMy, hto 
CHCTeivia CKjieeHHbix rnnepKyGoB peajiH3yeT TonojiorHio D - MepHoro Topa. Bep- 
niHHbi rnnepKyGoB Ha3biBaK)TC5i TOHKaMH hjih y3JiaMH pemeTKH. Pe6pa, coeflH- 
HHiomHe Q.OQ.Qj\BM.Q TOHKH pemcTKH, HMCHyiOTCii jiHHKaMH pemeTKH. KBaflpaTbi, 
cocTaBjieHHbie h3 neTbipex y3JiOB h neTbipex jihhkob, nasbmaiOTCii njiaKeTaMH. 

^yajibHaa pemeTKa onpeflejiiieTCii cjieflyiom;HM o6pa30M. Ee y3Jibi naxofliiT- 
C5I B u;eHTpax rnnepKySoB HCxoflHofi pemeTKH. JTnHKaMH coe;];HH5noTC5i y3Jibi, 
jie>Kam,He b ii,eHTpax coce^KHx rnnepKySoB HCxoflHoi! pemeTKH h t.^. 

KajiH6poBOHHbie hojih, KaK npaBHjio, na pemeTKe onpeflejiHiOTCH nepeMeH- 

HblMH, npHKpenjieHHblMH K JIHHKaM. npOH3BefleHHe HX BJ\OJYb> JIHHKOB OflHOrO 

HjiaKeTa ^aeT HjiaKeTnyio nepeMeHHyio, peajiH3yK)m;yK) na pemeTKe HanpajKeH- 
HOCTb KajiH6poBOHHoro H0JI5I. CKajiiipHoe HOJie o6biHHO OHpeflejieno b y3Jiax 
pemeTKH. 

y^oGHbiM 4)opMaj:H3MOM jijlii pa6oTbi c A6ejieBbiMH KajiH6poBOHHbiMH no- 
JI5IMH 5iBji5ieTC5i 4)opMajiH3M flH4)4)epeHH,HajibHbix 4)opM Ha pemeTKe. ^H4)4)e- 
peHn,HajibHa5i 4)opMa panra k na pemeTKe - sto 4)yHKu;H5i (f)^ onpeflejieHHaii 
Ha /c-MepnoM Ky6e Ck pemeTKH, e.g. CKajiapHoe (KajiH6poBOHHoe) nojie - 9to 
0-4)opMa (l-4)opMa). BnemHiiH HpoH3BOflHa5i d OHpeflejiaeTCii cjieflyiom;HM 06- 
pa30M: 

(dc/.)(cfc+i) = E (1) 

S^ecb dck - opneHTHpoBaHHaH rpaHHn,a /c-Mepnoro Ky6a c^. TaKHM o6pa30M, 
onepaTop d yBejiHHHBaeT panr 4)opMbi na eflHHHu,y; (\ip - 3to jiHHKOBaa nepe- 
Mennaii, CKOHCTpoBaHHaii Hepe3 nepeMeHHyio onpeflejieHHyio na y3Jiax, a dA 
- 9T0 HjiaKeTHaii nepeMennaii, CKOHCTpynpyeMaii h3 jihhkoboh nepeMeHHoii A. 
CKajiapnoe HpoH3BefleHHe OHpe^ejiiieTCii cjieflyiom;HM o6pa30M: ecjin mip - 
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/c-4)opMbi, TO ijj) = Ecfe </'(cfc)'0(cfc), r^e Ecfe - cyMMa no BceM Ky6aM c^. Ka>K- 
ppPi k-(^opMe Ha D-MepHOH pemeTKe cooTBeTCTByeT {D — k)-(^opMa *^{*Ck) na 
flyajibHoii pemeTKe, *Ck - sto [D — A;)-MepHbiH Ky6 na flyajibHoii pemeTKe. Ko- 
flH4)4)epeHii,Haji ^ = *d* y^OBjieTBop^^eT npaBHjiy HHTerpHpoBaHH^^ no nacT^^M: 
{(p, dip) = {d(p, ip). SaMeTHM, HTO 6^{ck) - 3to {k — l)-4)opMa n 6^{co) = 0. 

HopMa onpefleji5ieTC5i KaK ||a|p = (a, a); Tor^a, nanpnMep, ||d(/? + 27r/|p 
npeflnojiaraeT cyMMnpoBanne no bccm jinnKaM. T,i{ci)ez osna^aeT cyMMy no 
BceM K0H(|)Hrypan,H5iM n,ejibix nnceji /, npnKpenjiennbix k jinnKaM ci. 

^encTBHe KajinGpoBOHHbix nojieii nHBapnanTHO OTHOCHTejibno KajinS- 
poBOHHbix npeoGpasoBannii A' = A -\- da, cp' = cp -\- a 6jiaro;],apa CBoiicTBy 
d =6=0. PemeTOHHbiH jianjiacnan onpeflejiiieTCH KaK A = d(5 + (^d. 
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MacTb I 

TonojiorHHecKHe ^ec|)eKTbi b MO^ejiax 
CHjibHoro BaanMO^eiicTBiia 
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OflHHM H3 HaH60Jiee BaJKHblX HBJieHHH 4)H3HKH CHJIbHblX B3aHM0;];eiiCTBHH 

5iBji5ieTC5i HeBbijieTaHHe D;BeTa. MaTepnaji HacT05imeH nacTH flHccepTai],HH ot- 

H0CHTC5I K OnHCaHHK) KOHcjDaHHMGHTa C TOHKH 3peHH5I paSJIHHHblX A6ejieBbIX 

npoeKi],HH TeopHH. Mbi H3yHaeM KX/], 6e3 flHnaMHHecKHx 4)epMH0H0B. B nep- 
BOH rjiaBe paccMaTpHBaiOTCii CBoiiCTBa Li;eHTpajibHbix BHxpeii b MaKCHMajibHoft 

LI,eHTpajIbHOil npOeKD;HH rjIIOOflHHaMHKH. /],eM0HCTpHpyeTC5I HX CB5I3b C ilBJie- 
HHeM HeBblJieTaHHil, H3y^aK)TC5I nepK0JI5ILi;H0HHbie CBOilCTBa. BBOflHTCH HOBOe 

noH5iTHe - i^eHTpajibHbiii MOHonojib. noKa3aHO, wro b TeopHH npn KoneHHoii TeM- 
HepaType LI,eHTpajibHbie mohohojih h n,eHTpajibHbie BHxpn CKOH^eHCHpoBaHbi b 
4)a3e K0H4)aHHMeHTa. Bo BTopoii rjiaBe bboahtch noHHTne npocToii i],eHTpajib- 
Hoii npoeKLi;HH, HBjiiiioineHCii ajibTepnaTHBHbiM MeTOflOM BbiflejienHii Li;eHTpajib- 
Hbix BHxpeii H3 nojieBbix K0H4)HrypaLi;HH Hea6ejieBbix KajiH6poBOHHbix TeopHH. 
PaccMaTpHBaiOTCii 4)paKTajibHbie CBoiiCTBa BHxpeii h D;eHTpajibHbix MOHonojieii 

B 9T0H npOeKH;HH. Z^eMOHCTpHpyeTCfl CB5I3b 9THX o6T.eKTOB C K0H4)aHHMeHT0M. 

B TpeTbei! rjiaBe pemaeTC5i TexHHHecKa5i sa^a^a 06 A6ejieB0M npeflCTaBjieHHH 
fljiH Hea6ejieB0H neTjin BHjibcoHa, KOTopoe MO>KeT 6biTb H0Jie3H0 npn Hccjieflo- 
BaHHH pa3JiHHHbix aSejieBbix npoeKu,HH. nojiyneno A6ejieB0 npeflCTaBjieHne fljiii 
Hea6ejieB0H neTjin BHjibcona na pemeTKe, 5iBji5iioiii;eec5i anajioroM nenpepbiB- 
Hoii 4)opMyjibi ^biiKOHOBa - HeTpoBa. Pa3pemaeTC5i Bonpoc o cnpaBefljiHBOCTH 
HenpepbiBHoro npeflCTaBjienHii, CB5i3aHHbiii c onpeflejienneM Mepbi no KajiH6po- 
BOHHbiM npeo6pa30BaHH5iM. 
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FjiaBa 1 



I^GHTpaJIbHaa ^OMHHaHTHOCTb B 

rjnoo^HHaMHKe. I^eHTpajibHbie 

MOHOnOJIH. 

1.1 I^GHTpajIbHaa npOeKLI,H5I SU{2) rjIIOO/],HHaMHKH H 

LI,eHTpajibHbie Mohohojih 

HccjieflOBaHHe K0H4)aHHMeHTa b SU {N) KajiH6poBOHHbix TeopHsix bo MHornx 

pa60TaX OCHOBblBaeTCSI na HaCTHHHOft 4)HKCaiI,HH KajIH6pOBKH HeKOTOpOft 

a6ejieB0H rpynnbi. HpHMepoM noflo6HOH 4)HKcaLi,HH KajiH6poBKH, npefljio>KeH- 
HOH B [1], HBjiHeTCH TaK HasbiBaeMaH L^eHTpajibHaa npoeKii,H5i, Kor/],a ocTaBineii- 
C5i rpynnoH 5iBji5ieTC5i Z^. B i],eHTpajibHOH KajinGpoBKe SU{N) KajiH6poBOHHaj5 
TeopHH peflyn,HpyeTC5i k KajinSpoBOHHOH TeopHH, KOTopasi coflep>KHT BHxpe- 
Bbie CTpyHbi B Ka^ecTBe TonojiorHHecKHx fle4)eKT0B. PemeTOHHbie BbiHHCjieHH5i 
[2] B MaKCHMajibHOH LI,eHTpajibHOH KajiH6poBKe noKasbmaiOT, hto flHHaMHKa 
3THX fle4)eKT0B HrpaeT BajKHyio pojib b HeBbijieTaHHH ii,BeTa. Abtopom HacT05i- 
meft flHCcepTaii,HH TaK>Ke npefljio>KeHO noHsiTHe LI,eHTpajibHoro MOHonoji5i, cb^i- 
saHHoro c BHxpeBOH CTpyHOH. HH>Ke npHB0flHTC5i ero onpe^ejieHHe h pesyjib- 

TaTbl HHCJieHHblX HCCJieflOBaHHH, /],eMOHCTpHpyK)mHX ero CB5I3b C KOHcj^aHHlVieH- 
TOM. ripH 3T0M fl^Jlil npOCTOTbl Mbl OrpaHHHHBaeMCa HSyneHHeM rjIKDOflHHaMHKH 
6e3 flHHaMHHeCKHX 4)epMH0H0B. 

ripejKfle Bcero, paccMOTpHM cjiyHaii SU (2) rjiiooflHHaMHKH, KOTopasi 5ibji5i- 

QTCil ynpOmeHHOH MOflejIblO peajIHCTHHeCKOH SU (3) rjIK)0/],HHaMHKH, COXpaH5I5I 

npH 3T0M ee ocHOBHbie CBoficTBa. MaKCHMajibnasi LI,eHTpajibHaa npoeKi],H5i ^ejia- 

eT JIHHKOBbie MaTpHII,bI U MaKCHMajIbHO 6jIH3KHMH K Ll,eHTpajIbHbIM SJieMeHTaM 
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rpynnbi SU (2). 3Ta KajinSpoBKa onpeflejiaeTCsi cjie;:;yK)iii;HM o6pa30M [T]: BHaHa- 
jie (|)HKCHpyeTC5i MaKCHMajibHa5i A/],ejieBa KajiiiGpoBKa nocpeflCTBOM MaKCHMH- 
3aii,HH 4)yHKii,H0Hajia (cm. [3]) Y^iT^^iUia^Uj^a^) OTHOCHTejibHO KajiH6poBOHHbix 
npeoGpasoBaHHH Ulf^} = Q^Ux^fi^x+p. (cyiviivia 6epeTC5i no jiHHKaivi / pemeTKH, cr" 
- MaTpHi],bi riayjiH). ^ajiee, MaKCHMHsnpyeTCsi 4)yHKii,H0Haji cos^ arg(([//)"^"^) 

OTHOCHTejibHO OCTaBHIHXCSI U{1) KajIH6pOBOHHbIX Hpeo6pa30BaHHH, TaKHM 06- 
paSOM JIHHKOBaa MaTpHH,a CTanOBHTCH 6jIH3KOH K H,eHTpajIbHbIM SJieMCHTaM ±1. 

LI,eHTpajibHbie BHxpn 0Hpe;:],eji5H0TCH cjie/],yiom,HM o6pa30M [T]. Hocjie 4)hk- 

CaH,HH MaKCHMajIbHOH LI,eHTpajIbHOH HpOeKH,HH Mbl 0HpeflejI5ieM Z2 HJiaKCTHyiO 

HepeMCHHyK) ap: 

ap = (dn)p = ni + 712 - ns - 714 , (1.1) 
r^e jiHHKH 1, ... ,4 4)opMHpyK)T rpaHHH,y HjiaKCTa P u ni = sign(Trt/^). Mh- 

pOBa5I HOBCpXHOCTb CTpyHbl H^GHTpajIbHOrO BHXp5I OHpe/],ejI5ieTC5I Ha flyajIbHOH 

pemcTKe KaK coBOKynnocTb *cr HjiaKCTOB pj&jihnhix nenyjieBbiM njiaKCTaivi dp, 
MHpoBasi noBcpxHOCTb *a saMKHyTa na ^yajibHOH pemcTKe [6* a = 0). 

BsaHMOfleiicTBHe ii,eHTpajibHoro BHxpa c ncTjieft BHjibcoHa 5iBji5ieTC5i to- 
nojiorHHCCKHM. HTo6bi yBHfleTb sto upepfiT&BiiM SU{2) KajiH6poBOHHoe no- 
jie Ui B MaKCHMajIbHOH LI^eHTpajibHOH KajinSpoBKC KaK npoHSBefleHHC ne- 
peMCHHOH exp{i7Tni}, ni = 0, 1, h SU{2)/Z2 HepeMCHHOH V/, TrV^ > 0: 

Ul = exp{z7rn/} • V/. IIpHHHMaSI bo BHHMaHHC (11.11) Mbl HpeflCTaBJI5ieM HCTJIIO 

BnjibcoHa KOHTypa C KaK: 

Wc = TtI[Ui = exp{i7TL{C, a)}Tr JI Vi , (1-2) 

leC leC 

Tj\Q Ej{C^ a) - HHCJio 3aii,enjieHHii KBapKOBOii TpacKTopiiii C sa MHpoByio noBcpx- 
HOCTb CTpyHbl *a [H]: 

E{C,a) = {a,m[C]) = ((j,A-MC), (1.3) 

m[C] - 3T0 noBcpxHOCTb, HaT5iHyTa5i Ha KOHTyp C: 6m[C] = C. nocjie/i,Hee Bbipa- 
>KeHHe flji5i Ej ecTb HCTbipexMepHbiH anajior 4)opMyjibi Faycca, onncbmaiomefi 
3aii,enjieHHe saMKHyTOii noBcpxHOCTH *a h saMKHyTOH hctjih C. Hsbcctho IU, [5], 
HTO TonojiorHHGCKoe BsaHMOflCHCTBHe exp{^7riL} flacT ohchb xopomee npnGjiii- 

JKCHHe K Bbipa^KCHHIO flJIH HaT5I>KeHH5I CTpyHbl. 
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Bjiaroflap5i 'Z^ nepHo;],HHHOCTH TeopHH coflep>KHT MOHonojienoflo6Hbie bos- 
6yjKfleHH5i, KOTopbie nasBaHbi naMH " LI^eHTpajibHbie MOHonojin". Hx MHpoBbie 
TpaeKTopHH onpefleji5iK)TC5i cjieflyiomHM o6pa30M: 



j = ^d[(dn) mod2] = ■^d[crmod2] 



1.4) 



^2 3ap5ifl IJ^eHTpajibHbix MOHonojieii coxpaH5ieTCJ5, MOHonojibHbie TpaeKTopHH 
saMKHyTbi: = 0. 

2.2 




Phc. 1.1: (a) nepKOjiHLi,HH ii;eHTpajibHbix BHxpeft Cvort h L[eHTpajibHbix MOHono- 
jieft Cmon om P Ha pemeTKe 16^ x 4; (b) OpaKTajibnaa pasMepnocTb D ii;eHTpajib- 
Hbix BHxpeii Ha pemeTKe 12'^ x 8. 

Mbi HCCJieflOBajiH MO^ejib npn kohghhoh TeivmepaType, hto cooTBeTCTByeT 

aCHMMeTpHHHOH penieTKG, y KOTOpOH paSMep no OflHOMy H3 HSlViepeHHH (MHHMOe 

BpeM5i) MeHbine, neu no TpeM ocTaBuiHMCH. Ba>KHoe flnnaMnnecKoe cbohctbo 
n,enTpajibnbix Mononojieii sto nepK0JiHn,H5i Cmon, KOTopasi onpe^ejiJ^eTCsi KaK 
Bepo5iTnocTb flByM pasnbiM Tonxaivi pemeTKH 6biTb CBsisannbiMn Mononojibnon 
TpaeKTopnen [6]. Mbi Bn^HM, hto Cmon 3anyji5ieTC5i b c^ase ^eKoncJ^annMenTa n 
OTjiHHHa OT nyjiii b c^ase Kon4)aHnMenTa (Cmon noKasana KBa^paTaivin na Pnc 
11.1( a)). Mbi saKjiionaeM, hto (Jiasa Kon4)aHnMenTa conpoBO>KflaeTC5i Kon^enca- 
n,neH LI^enTpajibnbix Mononojien. Mononojin sibjihkdtch ^yajibnbiMH a6ejieBbiMH 
CTenensiMn CBo6o/],bi n nx Kon/],encan,n5i osnanaeT, hto Koncj^annivienT cootbgt- 
CTByeT 4)a3e ^yajibnoro CBepxnpoBO^nnKa b MaKcniviajibnoH LI,enTpajibnoH npo- 
eKn,nn. 

nepKOJi5iu,HOHHa5i Bepo5iTnocTb flji5i n,enTpajibnbix Bnxpen Cvoit onpe^ejisi- 
eTC5i anajiornnno nepK0Ji5in,Hn Mononojien. Cjie^yeT OTMexnTb, hto b flannoii 
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rjiaBe naiviH HcnojibsyeTCsi onpe^ejieHHe Cyort OTjiHHHoe ot o6menpHH5iToro (h 
Hcnojib3yK)meroc5i b ppyrnx rjiaBax) 0. 

BejiHHHHa Cvort om (5 na pemeTKe 16^ x 4 npeflCTaBjiena na Phc. 11.1( a) 
KpyraMH. 5Ibho bh/],ho, hto b 4)a3e KOHcj^aHHivieHTa BHxpn nepKOJinpyiOT. 

Ha Phc. 11.1( b) mbi npeflCTaBji5ieM 4)paKTajibHyK) pasMepnocTb BHxpeBofi mh- 
poBOH noBepxHOCTH D = 1 + 2A/L na pemeTKe 12^ x 8. S^ecb A - hhcjio njia- 
KeTOB H L HHCjio jiHHKOB Ha HOBepxHOCTH CTpyHbi. OpaKTajibHasi paSMepHOCTb 
D BbicoKa B 4)a3e K0H4)aHHMeHTa. B cj^ase ^eKOHcJiaftHMeHTa ona 6jiH3Ka k 2 
nocKOJibKy Mbi HMeeM pa3pe>KeHHbiH aHcaiviSjib CTpyn. 

1.2 I^GHTpajIbHaa ^OMHHaHTHOCTb H I^GHTpajIbHbie MO- 

HonojiH B SU{3) rjiK)o/],HHaMHKe 

KaK 6bijio CKa3aH0 Bbime, i],eHTpajibHa5i ^OMHHaHTHOCTb, OTKpbiTa^^ b pa6oTax 
^. FpHHcaHTa Ha6jiK)flaeTC5i b Tax Ha3biBaeM0H MaKCHMajibHOH L^eHTpajibHoii 
npoeKLi,HH. CTpyHono/],o6Hbie o6T.eKTbi B3aHM0fleHCTByK)T c KBapxaMH nocpe/i,- 

CTBOM CHJI AapOHOBa - BoMa. H3BeCTH0, HTO 3TH CHJIbI B 3HaHHTejIbH0H CTe- 
neHH OTBeTCTBeHHbl 3a KOHcj^aHHlVieHT [9]. KoHcj^aHHlVieHT TpaflHII,HOHHO OnHCbl- 

BaeTCJ5 MexaHH3M0M flyajibHoro CBepxnpoBO^HHKa. 3tot MexaHH3M 5ibho pea- 
jiH3yeTC5i B SU{2) rjiiooflHHaMHKe b MaKCHMajibHOH AGejieBoii npoeKii,HH [10], 

B KOTOpOH n05IBJI5IK)TC5I MOHOnOJIH, CKOHfleHCHpOBaHHbie B (|)a3e KOHcj^aHHlVieH- 

Ta. Bjiaro/],ap5i stoh KOHfleHcan,HH CHjiOBbie jihhhh K0Hii,eHTpHpyK)TC5i b CTpyne, 
coeflHHHiomeH KBapK H aHTHKBapK. 3Ta CTpyna HMeeT HenyjieBoe HaT5i>KeHHe, 
HTO npHBOflHT K HeBbijieTaHHK) ii,BeTa. MHorne nojiaraiOT, hto Ta >Ke KapTHHa 
flOJi>KHa Ha6jiK)flaTbC5i ii b SU (3) TeopHH. O^HaKO, b SU (3) rjiiooflHHaMHKe no- 
cjie 4)HKcai],HH MaKCHMajibHOH A6ejieB0H HpoeKH,HH uouBjisieTCii ne o^hh, a ^Ba 
MOHOHOJia, HTO cymecTBCHHO ycjio>KH5ieT o6m,yio KapTHHy [8]. 

B COOTBCTCTBHH C rHH0Te30H LI^eHTpajIbHOH ^OMHHaHTHOCTH H,eHTpajIbHbie 

BHXpH OTBeTCTBeHHbl 3a KOHcJiaKHMCHT. TaKHM o6pa30M, B03HHKaeT BOHpOC, Ka- 

KOBa CBH3b Me>Kfly H,eHTpajIbHbIMH BHXpHMH H KapTHHOH fly&JlhnOFO CBcpxHpo- 

^Onpe/i,ejiHM BepoHTHOCTb Toro, hto flee tohkh x, y CBssaHBi BHxpeBbiM KjiacTepoM kek p{x,y). Onpe- 
flejiCHHe, HcnojibsyiomeecH b HacTOHmeii rjiaBe: Cvort — ^™^\x-y\^ooP{Xiy)- 06menpHHHToe onpeflejieHHc: 
Cvort = i72-I]xo,!;o^™|5^-i'K°°'°'^[^'^o]'[^'^o])- S^ecb 4 - BeKTop X = [x,xq\ HMeeT "npocTpaHCTBen- 
Hyio"KOMnoHeHTy x h "BpeMeHHyio"KOMnoHeHTy xq. Nt - pasMep pemeTKH no "BpeMeHHOMy"HanpaBjieHmo. 
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BOflHHKa. fljiH Toro, HTo6bi OTBeTHTb Ha 9T0T Bonpoc Mbi KOHCTpynpyeM MOHOnO- 
jieno;];o6Hbie 061.6^^ h3 D;eHTpajibHbix BHxpeii h nasbiBaeM hx I^eHTpajibHbiMH 
MoHonoji5iMH. OKa3biBaeTC5i, hto hx KOHflGHcaT 5iBji5ieTC5i napaMGTpoM nop5i/],Ka 
fljifl nepexofla K0H4)aHHMeHT - /],eK0H4)aHHMeHT, hto p^aeT Hafle>K/],y nojiaraxb, 
WTO HMeHHO 9TH o6'beKTbi MoryT nrpaTb pojib CKajiiipHbix HacTHu; b MexaHHSMe 
flyajibHoro CBepxnpoBOflHHKa. 

Mbi paccMaTpHBaeM SU (3) rjiK)o;];HHaMHKy c fleiiCTBHeM BHjibcona S{U) = 
/5Epiaq(l ~ 1 /3Re Tr[/piaq) . SflGCb cyMMa no njiaxeTaM pemeTKH. Ecjih flannbie 
njiaKeT coctoht h3 jihhkob [xy],[yz],[zw],[wx] to t/piaq = t/[yz] • 

MaKCHMajibHaa LI,eHTpajibHa5i npoeKD,H5i ^ejiaeT jiHHKOByio MaTpHii,y U 
B03M0>KH0 6ojiee 6jih3koh k sjieMOHTaM Li;eHTpa rpynnbi SU{3): = 
{diag(e^27ri/3)iV^g(27rV3)iV^g(27rV3)7V|^ ^ ^ {1,0,-1}. Mbi ncnojib3yeM TaK 

Ha3biBaeMyio nenpHMyio (indirect) Bepcnio MaKCHMajibnon LI,eHTpajibHOH npo- 
eKn,nn, KOTopasi pa6oTaeT cjie;],yion];nM o6pa30M. 
npe>Kfle Bcero, MaKCHMH3HpyeM 4)yHKn,H0Haji 

Ql= E(|t^ll| + |t^22| + |t/33|) (1.5) 
links 

no OTnomennio k KajiH6poBOHHbiM npeo6pa30BaHH5iM Uxy — >■ g~^Uxygy, TaKHM 
o6pa30M 4)HKCHpy5i MaKCHMajibnyio A6ejieBy KajiH6poBKy. KaK cjieflCTBne, jinn- 
KOBbie MaTpHu;bi CTanoBHTCii no^xn flnaronajibnbi. flajiee, fljiii Toro HTo6bi Q.j\e- 
jiaTb 9TH MaTpHn,bi MaKCHMajibHO 6jih3khmh k sjieMenTaM n,eHTpa SU{3)^ ^e- 
jiaeM 4)a3bi sthx flHaronajibHbix sjieMGHTOB MaTpnn, MaKCHMajibno 6jih3khmh 
flpyr K flpyry. 3to flocTnraeTCH MHHHMH3au,HeH 4)yHKu,H0Hajia 

<52 = E [(1 - cos(Arg([/u) - Arg([/22))) + (1 - cos(Arg(t/n) - ATg{U,,))) 

links 

+(1 - cos(Arg(C/22) - Arg(t/33)))]. (1.6) 

no OTHomennK) k KajinSpoBonnbiM npeo6pa30BaHn5iM. 

LteHTpajibHbie BHxpn onpe;i,ejiHK)TC5i cjie/],yK)n],HM o6pa30M. Onpe^eji5ieM u,e- 
jiOHHCJiennyio jinnKOByio nepeMennyio A^: 



Nxy = : (Arg(/7ii) + Arg([/22) + Arg(/733))/3 G]-7r/3,7r/3], 
Nxy = l : (Arg(t/ii) + Arg(t/22) + Arg(t/33))/3 G ]7r/3, tt], 
Nxy = -1 : (Arg(C/n)+Arg(t/22) + Arg(t/33))/3G]-7r,-7r/3]. (1.7) 
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TaKHM o6pa30M, = ecjiH U 6jih3ko k 1, = 1 ecjiH U Gjihsko k e^^*/^, 
H = — 1 ecjiH U 6jih3ko k e"^'^*/^. 

flajiee, onpeflejiaeivi njiaKeTHyio nepeMeHHyio: 

C7 =N+N-N-N fl8l 

^ xywz ^^xy'-'-^yw zw -''.tz v-"--^/ 

Mbi BBOflHM flyajibHyio pemeTKy, h onpe/],ejiHeM nepeMeHHyio a* flyajibHyio 
K a: ecjiH njiaxeT *r2 flyajien njiaKexy il, to ctJ^ = gq,. Mo>kho jierKO npoBe- 
pHTb, HTO a npe/],CTaBji5ieT saMKHyTyio noBepxHOCTb. 3Ta noBepxHOCTb h ecTb 
MHpoBasi noBepxHOCTb n,eHTpajibHoro BHxp5i. 

Mbi Bbipa>KaeM SU{3) KajinGpoBOHHoe nojie U KaK npoHSBe^eHHe 
exp((27ri/3)A^) h V, r^e V - sto SU{3)/Z^ nepeMennaH (Arg(Vii) + Arg(V22) + 
Arg(y33))/3 G ] - 7r/3,7r/3]. Tor^a U = exp{{27Ti/3)N)V 

^ajiee, neTjia EnjibcoHa Bpfijih KOHTypa C sanHCbmaeTCH KaK: 

Wc = UcU = exp((27rz/3)L(C, a))UcV (1.9) 

3/],ecb (27rz/3)L(C, a) npe^CTaBjisieT BsaHMOfleftcTBHe AapoHOBa - BoMa. Be- 
jiHHHHa L{C,a) - 3T0 HHCJio 3aii,enjieHH5i KOHTypa C h noBepxHOCTH a*. 

Coflep>KaHHe rnnoTesbi ij,eHTpajibHOH flOMHHaHTHOCTH saKjnonaeTCsi b tom, 
HTO B MaKCHMajibHOH L^eHTpajibHOH KajinGpoBKe BsaHMOfleftcTBHe AapoHOBa - 
BoMa caMO no ce6e BbisbmaeT Koncj^annivienT n onpe/],eji5ieT naTH^Kenne CTpynbi. 

LI,enTpajibnbiH Mononojib - sto anajior Mononoji5i b U{1) Teopnn. B sjieK- 
TpoflnnaMHKe ypaBnennsi MaKCBejiJia dF = 3anpeni,aK)T cyni,ecTBOBanne Mar- 
nnTnbix sapsi^OB. Ho b KOMnaKTnon Teopnn snanennsi F, 0TjinnaK)m,nec5i Apyr 
OT Apyra na 27r, SKBnBajienTHbi. TaKnivi oGpasoM, npabnjibnoe naT5i>Kenne CTpy- 
nbi 3T0 Fmod27r n *<i(Fmod27r) = '2'njm-, r^e jm - Mononojibnbin tok. 

BsanMOfleitcTBne AaponoBa - BoMa Me>K/],y KBapKaMn n n,enTpajibnbiMn Bnx- 
pHMn saBncnT tojibko ot [a] mod 3. 3/],ecb a - 3to Z3 anajior U (1) nanp5i>Kenno- 
CTn noji5i. riepeiviennasi [a] mod 3 npe^CTaBjisieT noBepxnocTb c rpannn^eii. 3Ta 
rpannn,a - 3aMKnyTa5i Jinnn5i. Mbi npe^nojiaraeivi hto STa Jinnn5i npe/i,CTaBji5ieT 
IJ^eHTpajibHbiH Mononojib: 

3j/;„ = mod3) = 5{[a*] mod3). (1.10) 

(3flecb ncnojib3yiOTC5i oSosHanennH fln4)(|)epenn,najibnbix 4)opM na pemeTKe. 
Cm., nanpnMep, [11].) 
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Mbi npefljiaraeM rnnoTesy, hto L^eHTpajibKbiii MoHonojib MOJKeT nrpaTb 
pojib CKaji5ipa B MexaHHSMe ^yajibHoro CBepxnpoBOflHHKa. 3to HacTHHHO noj\- 
TBep>K/],aeTC5i pesyjibTaTaiviH HHCJieHHbix paccHGTOB MO^ejiH npn kohghhoh Teivi- 
nepaType, npeflCTaBjieHHbix HH>Ke. 

HcnojibsyeTCH pemeTKa pasMepa 16*^ x 4. OasoBbm nepexo;:; K0H4)aHHMeHT 
- fleK0H4)aHHMeHT flji5i 3T0K pemeTKH HMeeT MecTO flji5i (3 = 5.69 (cm. [T2]). 
HaniH HHCJieHHbie pesyjibTaTbi cjie/],yioinHe: 

1.00 



0.80 - 



0.60 - 

o = 

1. : 

0.40 - 



0.20 - 

= 1 \ 

0.00 \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ + I I \ \ \ I 

0.00 2.00 4.00 6.00 8.00 

Phc. 1.2: nepKOji5in;H5i ii;eHTpajibHt.ix BHxpeli (nenpepbiBHaa jihhhji) h LI,eHTpajibHt.ix moho- 
nojieii (npepMBHCTaa jihhhji). 

IJ^eHTpajibHbie BHxpn CKOHfleHcnpoBaHbi b 4)a3e KOH(|)aHHMeHTa, h hg ckoh- 
flencHpoBaHbi npn BbicoKoii TeivmepaType. 3to cjie^yeT h3 paccMOTpeHHH 

Bep05ITH0CTH TOrO, HTO flBG TOHKH Ha pemeTKe CBHSaHbl CTpyHHOii MHpOBOH 
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noBepxHOCTbK). 3Ta BepoHTHOCTb p{x^ y)voTt C'vort(/^) npH \x — y\ ^ oo. 
(HenpepbiBHaH jihhhh na Phc. I1.2[ ) 

0.80 n 




0.00 2.00 4.00 6.00 8.00 



Phc. 1.3: HjioTHOCTb n;eHTpajibHL.ix BHxpeli. 

rijiOTHOCTb ij,eHTpajibHbix BHxpeH npeflCTaBjiena na pnc. 11.3 

Mbi onpefleji5ieM (|)paKTajibHyK) pasMepnocTb LJ^eHTpajibHbix BHxpeii Kax 

D = 1 + 2A/L (1.11) 

rfle A - 3T0 HHCjio njiaxeTOB, a L - hhcjio jihhkob CTpynbi. B TaKOM BH^e 
3T0 onpe^ejieHHe cymecTBenHO OTjinnaeTCsi ot onpeflejieHHsi Xaycflop4)0- 
Boii pasMepHOCTH, KOTopoe HcnojibsyeTCsi naMH b cjieflyioineH rjiaBe b n. 
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3.00 ^ 



2.80 - 



2.60 - 



2.40 - 



2.20 - 




2.00 



0.00 



.00 



4.00 



i.OO 



8.00 



Phc. 1.4: OpaKTajibHaa pasMepnocxb ij,eHTpajibHt.ix BHxpeii. 



2.3. flji5i H3yHeHH5i CBOHCTB BHxpeft H MOHonojieft B TaK HasbiBaeMoii ripo- 
CTOH LI,eHTpajibHOH npoeKij,HH. Bbipa>KeHHe ( 12.201 ) mo>kho pacciviaTpHBaTb 
KaK HHTepnojiHpyiomyK) 4)opMyjiy. JlerKO npoBepHTb, hto (12.201) ^aeT npa- 
BHjibHoe SHaHeHHe p^jisi (JipaKTajibHoii pasMepnocTH D - MepHbix pemeTOK, 
ecjiH CHHTaTb, HTO A - 3T0 nojiHOG HHCJio HjiaKeTOB pemeTKH, a L - nojiHoe 
HHCJio jiHHKOB. PesyjibTaTbi HHCJieHHbix Hccjie^OBaHHH D npeflCTaBjieHbi 
Ha pHC. 11.41 

LI,eHTpajibHbie MOHonojiH CKOHfleHcnpoBaHbi b 4)a3e KOHcJiaftHMeHTa, h hg 
CKOHfleHCHpoBaHbi B (^036 /],eK0H4)aHHMeHTa. 3to cjie^yeT h3 paccMOTpe- 

HH5I BepOHTHOCTH TOrO, HTO flfie TOHKH CBHSaHbl MOHOnOJIbHOH JTHHHeH. JJ^JIH 
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3T0H BejIH^HHbl p{x ^ y)mon ~^ Cmon{P) \x — y\ ^ OO. Mbl BHflHM, HTO 

Cmon paBHO B (j^aSG /],eK0H4)aHHMeHTa, H OTJIHHHO OT B d^Q3Q KOHcj^aHH- 

MeHTa. KoHflGHcaT KaK 4)yHKii,H5i 13 npeflCTaBjieH na pnc. 11.21 npepbiBHCTOH 
jiHHHeii. 

5. B flOnOJIHeHHe /],06aBHM HTO B COOTBeTCTBHH C nepK0JIJ5I];H0HHbIMH CBOH- 

CTBaMH ii,eHTpajibHbie BHxpH H ii,eHTpajibHbie MOHonojiH pacnpe^ejieHbi oj\- 

HOpOflHO. 9t0 CJie^yeT H3 TOrO, HTO Bep05ITH0CTb flByM TOHKaM 6bITb CBJ5- 
SaHHblM MHpOBOH nOBepXHOCTbK) (MHpOBOH JIHHHeft) 3THX oS^beKTOB He 3a- 
BHCHT CymeCTBeHHO OT paCCT05IHH5I Me>K/],y TOHKaMH. 

1.3 ny6jiHKaLi;HH 

PesyjibTaTbi HacTOHineft rjiabbi ony6jiHKOBaHbi b pa6oTax: 

"Aharonov-Bohm effect, center monopoles and center vortices in SU(2) 
lattice gluodynamics M.N. Chernodub, M.I. Polikarpov, A.I. Veselov, M.A. 
Zubkov, Nucl.Phys.Proc.Suppl.73:575-577,1999, |hep-lat /9809T 58] 

"Central dominance and the confinement mechanism in gluodynamics B.L.G. 
Bakker, A.I. Veselov, M.A. Zubkov, Phys.Lett.B471:214-219,1999, 
[hep-lat/9902010 ] 

"Central dominance and the confinement mechanism B.L.G. Bakker, A.I. 
Veselov, M.A. Zubkov, Nucl.Phys.Proc.Suppl.83:565-567,2000. 
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FjiaBa 2 



IIpocTaa i^GHTpajibHaa npoeKi],Ha 

rjIIOOflHHaMHKH 

2.1 Onpe^ejieHHe IIpocTOH I^eHxpajibHOH npoeKii,HH 

KaK 6bijio OTMe^eHO Bbime, A6ejieBa npoeKLi;H5i rjiiooflHHaMHKH 5iBji5ieTC5i oj\- 
HHM H3 caMbix nonyjiiipHbix MeTOflOB HCCJieflOBaHHii MexaHHSMa HeBbijieTannii 
D;BeTa. Ilocjie d^nKcamm KaKoii-jiH6o A6ejieBoft KajiH6poBKH TeopnH CTanoBHTCH 

A6ejieB0H, H BOSHHKaeT B03M0>KH0CTb paCCMaTpHBaTb MexaHHSM HeBblJieTaHHH 

B ynpomeHHOM Bnp^e. 

A6ejieBbi npoeKLi;Hn OTjiH^aiOTCH flpyr ot flpyra Bbi6opoM A6ejieB0H nofl- 
rpynnbi h MeTOflaMn npoeKTHpoBaHH5i. Bjihsoctb flanHoii A6ejieBoii npoeKD;HH 
K pemeHHK) npo6jieMbi K0H4)aHHMeHTa HSMepiieTCil cjie/];yioiii;HM o6pa30M. Hpefl- 
nojiojKHM, HTO jiHHK0Ba5i rpynnoBafl nepeMeHHa5i ^^Hnk £ G cnpoeKTHpoBana na 
sjieMeHT A6ejieB0H no;],rpynnbi eunk ^ E G G. Mbi paccMaTpHBaeM 

Zc = Tr n eiink (2.1) 

linkeC 

BMecTO nojiHOH neTjiH BHjibcona h HSBjiexaeM noTeHD;Haji h3 Zc^ ( cnpoei^upo- 
eaHHuH noTeHLi;Haji) . Ecjih 9tot noTeHLi;Haji 6jih30k k HCxoflHOMy yflepjKHBaio- 
meiviy noTeHi],Hajiy na ^ocTaTOHHO 6ojibmHx paccT05iHH5ix, mojkho roBopHTb o 

TOM, HTO npOeKII,HH npHrOflHa flJI5I HCCJieflOBaHH5I MGXaHHSMa HeBblJIGTaHHa. 

fl^ji5L KajiH6poBOHHOH rpynnbi SU{2) ee KapTanoBa no^rpynna [/(I) h u^ea- 
TpajibHaa noflrpynna Z2 6bijiH paccMOTpenbi noflo6HbiM oSpasoM. HanSojiee 
nonyjiiipHbie npoeKLi;nH sto MaKCHMajibnaii A6ejieBa h MaKCHMajibnaii LI,eH- 
TpajibHaa npoeKLi;H5i, paccMOTpennbie b npeflbiflymeii rjiabe. 9th npoeKD;Hn j\o- 
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CTHraiOTCH MHHHMH3ai],HeH no OTHomeHHK) K KajiH6poBOHHbiM npeo6pa30BaHH- 
paccTOHHHH Mempy saflanHoft K0H4)Hrypai],HeH jihhkobbix nojieii h KapTano- 
BOH (LI,eHTpajibHOH) noflrpynnoH rpynnbi SU{2). B o6ohx cjiyna^^x noTeHii,Hajibi 
6jih3kh k nojiHOMy y/],ep>KHBaiomeMy SU (2) noTeHii,Hajiy, ho, k cojKajieHHio, He 
coBna^aiOT c hhm b tohhocth. FpHHcaiiT h coaBTopbi [13], [Mj yxasbiBaiOT, hto 
TOJibKO H,eHTpajibHbiH 3ap5ifl g = ±1 HOflBep>KeH HeBbijieTaHHK) B Hea6ejieBbix 

KajIH6pOBOHHbIX TeopHHx. 

Hs pa6oTbi BopHHKOBa h coaBTopoB [15] hsbgctho, hto HpoH;eflypa 4)hk- 
caH,HH KajinGpoBKH CTpa^aeT ot npoGjieivibi KajinSpoBonHbix kohhh (FphSob- 
CKa5i Hpo6jieMa). B npaKTHnecKHx CHMyji5iH,H5ix 6bijiH HCHOJibsoBanbi npsiMasi h 
Henp5iMa5i LI,eHTpajibHbie KajiH6poBKH, h JlanjiacoBa LI,eHTpajibHa5i KajiH6poBKa 
[IB] . TojibKO nepBbie /],Be CTpa^aiOT ot npo6jieMbi FphGobckhx Konnii, b to Bpe- 

MH, KaK UOCJieflfi5l5l CB060flHa OT 3T0H TpyflHOCTH. B COOTBeTCTBHH C [121 112] 

3Ta npo6jieMa HcnesaeT ^jih Gojibinnx pemeTOK h Tor^a, Kor^a yBejiHHHBaeTC5i 
KOJiHHecTBO paccMaTpHBaeMbix rpH6oBCKHx KonHii. Pa3yMeeTC5i, 3to osnanaeT 
Heo6xo/],HMOCTb yBejiRHemm BbiHHCJiHTejibHbix MomHOCTefi. 

AbTopoM HacT05m],eH ^HCcepTaij,HH TaK>Ke npefljiojKena H0Ba5i L^eHTpajibHaH 
npoeKLi,HJ5, He CB5i3aHHa5i c npou,eflypoH HacTHHHoii (j3HKcai],HH KajiH6poBKH. Ta- 
KHM o6pa30M, Bce o6T.eKTbi, cymecTByiomHe b 3toh npoeKn,HH KajinGpoBOHHO 
HHBapHaHTHbi. /l^aHHaH npoeKi],H5i HasBana HpocTOH LI,eHTpajibHOH npoeKii,HeH 
(nLI,n). Hh^kc noKa3biBaeTC5i, hto cnpoeii,HpoBaHHbiH TaKHM o6pa30M noTeHii,H- 
aji 6jih30k k nojiHOMy SU (2) noTeHii,Hajiy na Sojibinnx paccT05iHH5ix (c tohho- 
CTbK) flo Hjiena, cooTBGTCTByioinero nepenopMHpoBKe Maccbi). 

B paMKax nLI,n mm ctpohm i],eHTpajibHbie BHxpn h ii,eHTpajibHbie mohohojih, 
TaK>Ke H3BecTHbie KaK neKcycbi {nexuses^ cm. [IB]). CbOHCTBa MOHonojieii nU,!! 
HaHfleHHbie b xo^e HHCJiennbix HCCJieflOBanHH roBop^T o tom, hto 3th o6T.eKTbi 
MoryT 6biTb KaHflH/],aTaMH na pojib KynepoBCKHx nap b MexannsMe ^yajibnoro 
CBepxnpoBOflnHKa. 

Mbi paccMaTpHBaeM SU (2) rjiroo^nnaMnKy c BnjibconoBCKnM /],eHCTBneM 

'5'(f/) = /5E(l-l/2Tr[/piaq). (2.2) 

plaq 

Sflecb cyMMa no njiaKeTaM pemeTKn. njiaKeTna5i nepeMenna5i ?7piaq onpe^ejiena 
CTan^apTHbiM o6pa30M. 
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IlpejKfle Bcero mm paccMaTpHBaeM njiaKeTHyio nepeMeHHyio 

^plaq=l (Tr[/piaq<0), 

^plaq = (Tr[/piaq> 0). (2.3) 

Mbi MOJKeM npeflCTasHTb z KaK cyMMy saMKHyToft (^opMbi dN fljiH N G {0, 1} 
H 4)opMbi 2m + q. S^ecb N = A^imk, Q G {0, 1}, h m G 2. 

z = dN + 2m + q. (2.4) 
OnsH^ecKHe nepeMennbie, 3aBHC5iiii;ne ot z Moryx 6biTb Bbipa>KeHbi ^epes 

signTr t/piaq = cos(7r(c?Ar + g)). (2.5) 

^ajiee mm 6yfleM roBopnTb, hto A^iink - sto h ecTb cnpoeD;HpoBaHHa5i jiHHKOBaii 
nepeMennaii. Ectb MHOJKecTBO cnoco6oB opraHHSOBaTb npoeKLi;Hio. MaKCHMajib- 
Haii IJ,eHTpajibHa5i npoeKD;n5i HcnojibsyeT KajiH6poBOHHyio CBo6ofly fljiH Toro, 
HTo6bi c;];ejiaTb Bce jiHHKOBbie MaTpHi];bi MaKCHMajibHO 6jih3khmh k e^'^^ . Ta- 

KHM 06pa30M l-4)0pMa N 4)HKCHpyeTC5I flJIH Ka>K^OH KajIH6pOBOHHOH koh4)h- 

rypai],HH. 

CymecTByeT necKOJibKO cnoco6oB 4)HKcaLi;HH MaKCHMajibHoii IJ,eHTpajibHOH 
npoeKLi;HH. HpiiMaii npoeKLi;H5i {direct) - 9to MHHUMnsai^Hii 4)yHKLi;H0Hajia 

i? = EETr[t/^(^)]Tr[t/t (.;)]. (2.6) 

a; /i 

B HenpHMOM BHfle [indirect) npoeKLi;H5i MHHHMHSHpyeT (J)yHKD;HOHaji 

B! = EETr[t/^(x)(73t/t(x)(73], (2.7) 

H HSBjiexaeT h3 Uh{x) flnaroHajibHyio nacTb = exp[i^^(a;)cr3], 4)HKCHpy5i 
TaKHM o6pa30M KajiH6poBKy. OcTaBinaiicii A6ejieBa CHMMeTppn5i HcnojibsyeTCii 
fljiH Toro, ^To6bi cflejiaTb MaKCHMajibHO 6jiH3Koii k sjieMenTy Z2 MaKCHMH- 
3Hpy5i 

^" = EEcos2^^(x). (2.8) 

5IcH0, HTO o6e npoD;eflypbi cjio^khm h Tpe6yiOT sna^HTejibHoe KOJiH^ecTBO Bpe- 
MeHHMx pecypcoB nocKOJibKy hhcjio nepeMennbix, BKjiio^eHHbix b npoD;eflypbi 
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B cjiy^ae rpynnbi SU{2) - xpn. ^jih jiK)6oro MeTO^a l-4)opMa N 4)HKCHpy- 
eTC5i KaTKpppL KajiH6poBOHHOH K0H4)Hrypai^HH. HnjKe npefljiaraeTC5i 6ojiee 
npocTa5i npoii,eflypa. A hmghho, npe^CTaEHM noBepxHOCTb E, (J)opMHpyeMyK) 
njiaKexaMH flyajibHbiMH k "HeraTHBHbiM"njiaKeTaM (flJiH KOTopbix 2;piaq = 1). 
3Ta noBepxHOCTb nMeeT rpaHHLi,y. Mbi ybejin^HBaeM nosepxHOCTb, flo6aBji5i5i 

HOByiO nOBepXHOCTb Sadd TaK, HTO: 

1. pesyjibTHpyiomaii noBepxHOCTb S-^ = S + Sadd saMKHyTa; 

2. Korj\a Mbi ycTpaH5ieM h3 noBepxHOCTH Sadd njiaKeTbi, necymne ^eTHbie HHCJia 
Zpiaq = ...,—4, —2, 2, 4,..., njioma^b ocTaBineiicH noBepxHOcra MHHHMajibHa 
fljiH sa^aHHoi! rpaHHi],bi. 

TaKHM o6pa30M, MO>KeT 6biTb npeflCTaBjiena KaK saMKHyTasi 4)opMa dN 
Ha HCxoflHOH pemeTKe fljiH D;ejiOHHCJieHHoii nepeMeHHoii N G {0,1}. H N - 
Tpe6yeMa5i nepeMennaii 111^11. 

HncjieHHO p^aHHa^i npoii,eflypa Bbirji5i;];HT cjie;];yioiri;HM o6pa30M. flji5i flaHHoft 
nepeMeHHOH z mm flOJi>KHbi Bbi6paTb Taxyio Z2 nepeMGHHyio A^^, hto [dN] mod 2 

6jIH3KO HaCKOJIbKO B03M0>KH0 K Z. 3t0 03HaHaeT, HTO Mbi MHHHMH3HpyeM 4)yHK- 

D;HOHaji 

Q=H \{z-dN)mod2\ (2.9) 

plaq 

no OTHomeHHK) k N. 

9Ta npoLi;e;];ypa pa6oTaeT cjie^yioinHM o6pa30M. Mbi paccMaTpHBaeM flanHbiii 
jiHHK L H cyMMy no njiaKexaM 

Qiink= E |(^-ciiV)mod2| (2.10) 

LGplaq 

MiiEHMHSHpyeM 3Ty cyMMy no OTHoniennio k Oflnoii jihhkoboh nepeMennon 
N. Bee jinnKH o6pa6aTbiBaiOTC5i noflo6nbiM o6pa30M, n npou,eflypa noBTopaeTea 
noKa ne o6napy>KHBaeTC5i MnnnMyM. 

Mbi Ha3biBaeM onncannyio npou;e;];ypy IIpocTOH LI,enTpajibHOH npoeKn;H- 
en. Ham mcto/i; TaKJKe naxo^HT jiOKajibnbie MnnnMyMbi n rpH6oBCKHe Konnn. 
ITocKOJibKy npon,eflypa Mnoro npome mcm npnBbmnbie I^enTpajibnbie npoex- 
n,HH, BKjiionHTb B paooMOTpenne neoKOJibKO FpnGoBeKHx Konni! OKa3biBaeTe5i 
neejiojKHO. 



22 



HaHBHO, Hanp5i>KeHH0CTb noji5i na noBepxHOCT5ix CTpeMHTCH k 6ecK0HeH- 
HOCTH B HenpepbiBHOM npe^ejie. 3to, o^HaKO, bobcg ne osnaHaeT, hto flannbie 
K0H4)Hrypaii,HH HCHesaiOT b nenpepbiBHOM npe^ejie. Hx cymecTBOBaHHe onpe^e- 
ji5ieTC5i 6ajiaHC0M /],eHCTBH5i H SHTponHH. B pa6oTax 3axapoBa, riojiHKapnoBa, 
FySapeBa h coaBTopoB noKasano [33], [35], hto j\eRCTBRe TaK>Ke pacxo/],HTC5i b 
HenpepbiBHOM npe^ejie h na ii,eHTpajibHbix BHxpsix MaKCHMajibHoii LI,eHTpajib- 
HOH npoeKi],HH. TeM He Menee, HOKasano, hto sth oS^beKTbi Bbi>KHBaK)T b Henpe- 
pbiBHOM Hpeflejie. Hepexofl k nenpepbiBHOMy npe^ejiy npHMeHHTejibHO k bhx- 
p5iM nLI,n paccMaTpHBaeTCH naMH HH>Ke b h. 2.3. YKasannbie HH>Ke pesyjibTaTbi 

H03BOJI5IIOT Hafle5ITbC5I, HTO 3TH HOBepXHOCTH BbI>KHBaiOT B HenpepbiBHOM Hpe- 

p^ejie TaK >Ke, KaK n P - Bnxpn n MoryT nrpaTb KjiioneByio pojib b onncanHH 

K0H4)aHHMeHTa. 

B Hamnx CHMyji5in,H5ix mm ncnojibsyeM pemeTKH pasMepa 24^. JJ^jisi Bbinncjie- 
HHH npn KonennoH TeMnepaxype mm HcnojibsyeM pemeTKH 24^ x 4. JJ^jisi cpabne- 
HH5I MM TaK>Ke paccMaTpHBaeM Menbinne pemeTKH pasMepoB 12*^ x 4 and 16^ x 4. 
HeKOTopbie pesyjibTaTbi 6bijiH npoBepenbi na Sojibmnx pemeTKax 32^ x 4. KaK 
y>Ke OTMenajiocb, mm paccMaTpHBaeM TaK>Ke npoGjieMy KajinSpoBonnbix kohhh. 
HpoBepeno, hto fljisi pemeTOK jiHHeiiHoro pasMepa L < 24, 15 kohhh OKasbma- 

eTC5I flOCTaTOHHO. 

Mm paccMaTpHBaeM cjie^yiomee OHpe^ejienne cnpoeH,HpoBaHHOH neTjin 
BHjibcona 

Wr = lzc(3n/4r^y\ (2.11) 

O 

r^e V{C) - nepHMeTp neTjin C. 

HnTepecHO OTMeTHTb, hto 3to Bbipa>KeHHe 6jih3ko k nepBOMy njieny b pasjio- 
>KeHHH no xapaKTepaM h3 [I7[[I2]. Hame BbipajKenne nojiynaeTC5i saMenon 4)aK- 
Topa l/4nal/8n noKasaTejisi CTenenn 'P(C) na 7^/4. O^naKO, aBTopbi [I7[ [T^ 
nojiynaiOT CBoe Bbipa>Kenne 6e3 ncnojibsoBaniM KaKon - jin6o npoeKn,HH, npn 
3T0M ncnojibsysi jiOKajibHbie onepaTopbi n xapaKTepbi KajinSpoBOHHon rpyn- 
nbi, n nojiynaiOT flOMnnanTHOCTb (jDyn^aMeHTajibnoro npe;i,CTaBjienH5i. B nameM 
cjiynae mm nponsBOflHM npoeKii,nio, hto npnBOflnT k noHBjiennio nejiOKajibnbix 
onepaTopoB. B pesyjibTaTe mm ne MO>KeM ncnojibsoBaTb tot >Ke bmbo/i,, hto n b 
[T71 [IS] . HocKOJibKy MM ne MO>KeM j\aTh nocjieflOBaTejibnbin bmbo/i, ( 12.111 ) , cjie- 
pjGT paccMaTpnBaTb sto Bbipa>Kenne KaK SMnnpnnecKoe. Cjie^yeT OTMeTnTb, 
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HTO flaHHoe Bbipa>KeHHe 6bijio npoBepeno j^jisi neTejib BajibcoHa pasMepa flo 
6x6. Bbijio 6bi nojiesHO npoBepHTb, ^aeT jih ( 12.111 ) xopomee npH6jiH>KeHHe 
neTejib BHjibcoHa 6ojibmero pasMepa. 



2.2 MncjieHHbie pesyjibTaxbi 
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15 20 25 30 35 

Area 



Phc. 2.1: — log{Wc) / ATea.{C) nexejib BajibcoHa Wc, h cnpoeii;HpoBaHHi>ix neTejii. Ehjib- 

'SC 



coHa W^^^. /3 = 2.3 H 2.4 



2.2.1 Cnpoei],HpoBaHHaH h oSbinnaa neTjiH EnjibcoHa 

H3 pHC. 12.11 5ICH0, HTO VKc* H W^^^ coBnaflaiOT flpyr c flpyroM flji5i nexejib 
flocTaTOHHO 6ojibmoro pasMepa (mm npe^CTaBji^^eM s^ecb — log VKc'/Area(C) h 
— log iyJi*^^/Area(C) KaK 4)yHKn,HH njioma^H neTjiH j^jisi SHaneKHH = 2.3 h 
2.4). 

0TjiHHaeTC5i OT Zc 4)aKTopoM nponopij,HOHajibHbiM nepHMeTpy. TaKHM 

06pa30M, Mbl BHflHM, HTO CnpOeiI,HpOBaHHbIH nOTeHII,HajI (HSBJieHeHHblH H3 Zc) 

0TjiHHaeTC5i OT nojiHoro noTeHii,Hajia (HSBjieneHHoro h3 Wc) tojibko 4)aKTopoM 
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nepeHopMHpoBKH Maccbi. ^pyrne HjieHbi (BKjiiOHaH jiHHeiiHbiH yflep^KHBaiomHii 
noTeHD;Haji) coBna^aiOT. 3to h /],eMOHCTpHpyeT LI,eHTpajibHyK) ^OMHHaHTHOCTb. 



2.2.2 LI,eHTpajii>Hbie BHxpn 

0.5 



0.4 
0.3 

a 

0.2 
0.1 


0.5 1 1.5 2 2.5 

Phc. 2.2: HjiOTHOCTb ii;eHTpajii>Hi>ix BHxpeft h MOHonojiefi. TpeyrojitHHK yKaabiBaex nojiojKe- 
HHe 4)a30Boro nepexo^a. 

Mbi CTpoHM saMKHyTbie /],ByMepHbie D,eHTpajibHbie BHxpH cjie/],yK)inHM o6pa- 

30M 

a= *dN. (2.12) 
Hpe^Kfle Bcero, mbi MO>KeM BBipasHTB Zc KaK 

Zc = exp{i7TK{a,C)) (2.13) 

rpfi IL - 3T0 HHCJio 3aii,enjieHH5i [20] . 

TaKHM o6pa30M, b cootbgtctbhh c npHBe/],eHHBiM BBime pesyjiBTaTOM Bsan- 
MOfleftcTBHe AapoHOBa - Boivia mewipj ii,eHTpajiBHBiMH bhxp^^mh h 3apj5>KeHHBiMH 
HacTHi],aMH npHBOflHT K K0H4)aHHMeHTy 4)yH/],aMeHTajiBHoro 3ap5ifla 

Mbi TaK>Ke Hccjieflyeivi CBoftcTBa Li,eHTpajiBHBix BHxpeii b MO^ejiH npn kohgh- 
Hoii TeMnepaType (necHMMeTpKHHasi pemeTKa 24^ x 4). 
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— Vortices 
■- - ■ Monopoles 




rijioTHOCTb BHxpeH p HOKasaHa Ha I2.2[ OpaKTajibHaa pasMepnocTb, onpe^e- 

2.6 I — ' — ' — ' — ' — I — ' — ' — ' — ' — I — ' — ' — ' — ' — I — ' — ' — ' — ' — I — ' — ' — ' — ' — I 



Q 2.3 




Phc. 2.3: OpaKxajibHaa pasMepnocTb D ij,eHTpajibHt.ix BHxpeli. TpeyrojibHHK yKasbiBaex no- 
jiojKeHHe (|)a30Boro nepexo^a. 



jieHHasi KaK D = 1 + 2 A/ r^e A - sto hhcjio njiaKeTOB, a L - hhcjio jihhkob [2] 
Ha noBepxHOCTH BHxpsi, noKasana na pnc. I2.3[ JIhhk CHHTaeTC5i npHHa/],jie>Ka- 
mHM BHxpK) ecjiH X0T5I 6bi oflHa H3 CTopoH Ky6a, /],yajibHoro k neiviy coflep>KHT 
njiaKeT c sapa^oM 1. Cjie^yeT OTMeTHTb, hto flanHoe onpe^ejieHHe OTjiH^aeTcsi 
OT onpeflejiaHH5i Xaycflop4)OBOH pasMepnocTH, Hcnojibsyeivioro HiiJKe b n. 2.3. 

2.2.3 Ll,eHTpajii>Hi>ie mohohojih (nexuses) 



Mbi CTpoHM n,eHTpajibHbie MOHonojiH (nexuses) cjie^yioinHM o6pa30M 

j = i *c/[c/iV] mod 2. 
2 



(2.14) 



rijiOTHOCTb LI,eHTpajibHObix MoHonojiefi KaK 4)yHKii,H5i f3 npe/],CTaBjieHa na 
pHC. I2.2[ Cjie^yeT saivieTHTb, hto MOHonojibHbie jihhhh saMKHyTbi. 9to cjie^yeT 
H3 Toro, HTO 5j = Yd**d[dN] mod 2 = 0. 

Mbl HCCJieflOBajIH nepK0JI5II],H0HHbie CBOftCTBa j. SaBHCHMOCTb nepK0JI5II],H0H- 

Hoii BepoHTHOCTH OT (5 HecHMMeTpHHHoit pemeTKH noKasana na pnc. 12. 4[ 
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Phc. 2.4: nepKOji3n;H3 MOHonojibHbix jihhhh j^jis pemexoK 24^ x 4. TpeyrojibHHK yKasbiBaex 
nojioJKeHHe (|)a30Boro nepexo^a. 

nepKOJI5ILI,HOHHa5I BepOHTHOCTb SaBHCHT OT paSMepa pemeTKH. 3t0 OHeBH^HO 

p^jisi pemeTOK Majioro pasMepa. C yBejiHHeHHeM pasMepa pemeTKH STa saBHcn- 
MOCTb HCHeaaeT. MoHonojibHbift KOHflencaT, TaKHM oGpasoM, nrpaeT pojib na- 
paivieTpa nop5i/],Ka. Mbi o>KH/],aeM, hto ii,eHTpajibHbie mohohojih MoryT nrpaTb 
pojib KynepoBCKHx nap b MexaHHSMe ^yajibHoro CBepxnpoBOflHHKa. 

2.2.4 OTHomeHHe KpoHi],a 6e3 npocTbix i];eHTpajii>Hi>ix BHxpeii. 

MTo6bi noKasaTb, hto HaT5i>KeHHe CTpynbi CBsisano c ii,eHTpajibHbiMH BHxpsiMH, 
Mbi paccMaTpHBaeM K0H4)Hrypaii,HH, p^jiii KOTopbix neT BHxpeH BHyTpn sa^aH- 
HOH neTjiH BHjibcoHa. Ha pnc. l2.5l 3aBHCHMOCTb OTHomeHH5i KpoHij,a TaKHx 
K0H4)Hrypai],HH ot pasMepa neTjiH EnjibcoHa npeflCTaBjieno p^jiii (5 = 2.3 p^jiii pe- 
meTKH 24^. 3to OTHomeHHe KpoHn,a sauRyjisieTCsi npii Gojibmnx pasMepax neTjiH 
k. Mbi TaK>Ke namjiH, hto tot >Ke pesyjibTaT HMeeT MecTO flji5i HHbix sna^eaw /3. 
C flpyroH CTopoHbi, HCTHHHoe HaT5i>KeHHe CTpyHbi He 3aHyji5ieTC5i b nenpepbiB- 
HOM npe^ejie. 3to osHanaeT, hto p^annhie BHxpH nrparoT snaHHTejibHyK) pojib b 

flHHaMHKe. 
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Phc. 2.5: OTHomeHHe Kpoiiii;a fl^jm KOH4)Hrypaii;HH, y KOTopbix BHyTpn saflaHHofi iictjih 
BHjibcoHa HCT BHxpeii KaK (3DyHKij,HH pasjviepa nexjiH (fljia BbiHHCJieHHa OTHomenHa KpoHii,a 
paccMaTpHBaiOTCfl KOHTypbi k X k, {k + 1) x {k + 1), k x {k + 1)). OTHomeHne KpoHii,a fljia 
nojiHOH SU(2) neTjiH noKaaano fljia cpaBHeHHsi. 
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2.3 Hccjie/],OBaHHe nepexo/],a k nenpepbiBHOMy npe/],ejiy 

2.3.1 CKGHJIHHr H aCHMnXOTHHeCKHH CKGHJIHHr 

HenpepbiBHbiH npe/],eji b pemeTOHHOH TeopHH /],0CTHraeTC5i npn npH6jiH>KeHHH 
K TOHKe 4)a30Boro nepexofla BToporo po^a. fl,Ji5i paccMaTpHBaeMoft TeopHH sto 

TOHKa /3 = OO, HTO OSHaHaeT, HTO KOppejI5IH,HOHHa5I flJIHHa r(/3) CTpeMHTC^^ K 

6ecK0HeHH0CTH Kor/],a /3 — > oo. OnsHnecKaH KoppejiHij,HOHHaH fljiHHa ocTaeT- 
pa3yMeeTC5i, toh >Ke caMoii, ho ona CTaH0BHTC5i 6ecK0HeHH0H b pemeTon- 

HblX eflHHHH,aX. B 3T0H CHTyaH,HH jno6oH 4)H3HHeCKHH oSteKT KOneHHOH J\JIR- 

Hbi npeflCTaBji5ieTC5i na pemeTKe b bh^g 6ecKOHeHHoro HHCjia jihhkob. Hanpn- 
Mep, sanHineM 4)H3HHecKyK) Koppeji5ii],HOHHyK) ^JiHHy b pemeTOHHbix eflHHHi],ax 
^phys = r{[3)a{[3), vj\e a{f3) - 3to fljinna jiHHKa. ^jih Toro, HTo6bi y^epjKaTb 4)h- 
SHHecKyio Koppeji5ii],HOHHyK) flJiHHy nocTOHHHoii, fljiHHa pe6pa pemeTKH flOJi>KHa 
BecTH ce6H KaK a{(5) ~ l/r{f5) h, cjie^OBaTejibHO, a aojijkho CTpeMHTbC5i k 
Korfla Mbi npH6jiH>KaeMC5i k tohkg (JiasoBoro nepexo^a h nama pemeTOHHasi 
MOflejib npH6jiH>KaeTC5i k nenpepbiBHOMy npe^ejiy. 3to osHa^aeT, hto pasMep 
pemeTKH /],oji>KeH BecTH ceGsi KaK L ~ 1/a, ecjiH mbi y/],ep>KHBaeM 4)H3HHecKHH 
pasMep pemeTKH He3aBHC5im,HM ot /5. 3aBHCHM0CTb fljiHHbi pe6pa pemeTKH a ot 
(5 Ha3biBaeTC5i CKenjiHRroM. Hpeflnojio^KHM, hto neKOTopaa 4)H3HHecKaH BejiH- 

HHHa, KOTOpaSI HpeflCTaBJiaeTCJ5 HeKOTOpOH pemeTOHHOH BejIHHHHOH Flat HMeeT 

pa3MepH0CTb D b eflHHHn,ax Maccbi, Tor^a Fiata"^ — > Fcont, r/],e Fcont - sto 
3Ta >Ke HepeivieHHasi b HenpepbiBHOM Hpe^ejie. TaKHM o6pa30M, mbi nivieeivi 
flocTaTOHHO 6ojibmoro /3: 

Fiat-a"" (2.15) 

Xopomo H3BecTHbiH npHMep HO/],o6Horo uoBep^eunsi - sto uoBep^enne HaT5i>KeHH5i 
CTpyHbi: diata"^ ^ (Jcont- 

PeHopMajiH3an,HOHHa5i rpynna b HenpepbiBHOM npe^ejie Hpe/],CKa3biBaeT (b 
flByxneTjieBOM HpnGjiH^KeHnn) cjieflyiom,yK) 3aBHCHM0CTb fljiHHbi pe6pa pemeT- 
KH OT P [55] 

a(^) - ^^e-(3"'/ii)^ (2.16) 

3tO HOBe^eHHe H3BeCTH0 KaK aCHMHTOTHHeCKHH CKeHJIHHr. 

TaKHM o6pa30M, mbi 6bi xoTejin BH^eTb, hto flji5i ^ocTaTOHHO 6ojibmHx P 
CKeHJIHHr fljiHHbi pe6pa pemeTKH HpH6jiH>KaeTC5i k acHMHTOTHnecKOMy CKeft- 
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Ta6jiHii;a 2.1: IloBe^^eHHe HaxHJKeHHH cxpyHbi khk 4)yHKn;HH /3: ^/o^ ~ ^/Oc^a{P). 





Nr 


/3 


■\/criat 


8 


10 


2.20 


0.4690(100) 


10 


10 


2.30 


0.3690( 30) 


16 


16 


2.40 


0.2660( 20) 


32 


32 


2.50 


0.1905( 8) 


20 


20 


2.60 


0.1360( 40) 


32 


32 


2.70 


0.1015( 10) 


48 


56 


2.85 


0.0630( 30) 



jiHHry. Ha npaKTHKe acHMnTOTHnecKasi CBo6o/],a b SU (2) TeopHH He ^ocTHraeT- 
C5i (bo BC5IK0M cjiy^ae, flji5i SHaHeHHH /3 OT 2.1 flo 2.7, KOTopbie HcnojibsyiOTCsi b 
HacT05imeH pa6oTe). OTKjiOHeHHe CKeftjiHHra ot acHMnTOTHHecKoro CKeHjiHHra 

flJI5I 3THX SHaneKHH ;5 XOpOmO HSBeCTHO. Mo>KHO HSBJieHb SaBHCHMOCTb a OT (5 

H3 pemeTOHHoro HaT5i>KeHHH CTpyHbi. B Ta6jiHD,e 12. II mm npe^CTaBjiHeM ^anHbie 
H3 [37]. 

Mo>KHO npoBepHTb, HTO a(/3), HSBjieneHHoe h3 3thx p^annhix OTKjiOH5ieTC5i ot 
a{P) p^jiii paccMaTpHBaeMbix SHaHenHft /3. Cjie^yeT OTMeraTb, hto y/o^^a hg 
saBHCHT OT pasMepa pemeTKH p^jiii cymecTBeHHO 6ojibmHx pemeTOK. ^aHHbie b 
Ta6jiHLi,e EH npeflCTaBjieHbi ^jih pemeTOK pasiviepoB N^Nr. 

2.3.2 QpaKTajibHbie oGteKTbi b nenpepbiBHOM npe^ejie pemexoHHOH 
TeopHH 

PaccMOTpHM onpe^ejieHHe 4)paKTajibHoro o6T.eKTa (cm. TaK>Ke (SHI ES]). Mbi 
yBHflHM, HTO H3 Hamero anajiHsa cjie^yeT to, hto o6T.eKTbi (JipaKTajibHOii pas- 
MepHOCTH D > 0, Bbi>KHBaK)T B HenpepbiBHOM npe^ejie. 

EcjiH oflHOMepHbiH o6T.eKT Bbi>KHBaeT npH nepexofle k nenpepbiBHOMy npe- 
flejiy, TO OH /],oji>KeH HMeTb j\jiRny. Mbi mojkgm BBecTH cjieflyiomyio xapaxTe- 
pHCTHKy SToro o6T.eKTa: Cpep^n^iii fljiHHa o6T.eKTa, norpy>KeHHoro b 4 - o6T.eM 
eflHHHHHoro pasMepa, KOTopyio mbi oSosHa^aeM /. PemeTOHHasi hjiothoctb sthx 
o6T.eKTOB oSosHaHGHa p. Tor/],a 

P = N/L\ (2.17) 

r^e N - 3T0 o6mee hhcjio tohgk ^aHHoro o6T.eKTa BHyTpn Ky6a pemeTOHHoro 
pasMepa L. 4 - Ky6 eflHHHHHoro (J)H3HHecKoro pasMepa coflep>KHT ~ 1/a^ 
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ysjiOB pemeTKH. /^jinna jiHHeftHoro oSiieKTa cocTOHmero h3 tohgk 3to Na^ 
TaK HTO fljiHHa o6T>eKTa, norpyjKGHHoro b HGTbipexMepHbiH Ky6 pemeTOHHoro 
pasMepa L 3to pL^a. TaKHM oGpasoM, fljiHHa 4)H3HHecKoro oSi^eKTa CKeftjiHTCsi 
KaK / ~ pa^~'^. JJ^jisi Hac Ba>KHO, hto I sto peajibnasi 4)H3HHecKa5i xapaKTepn- 
CTHKa HenpepbiBHoro oS^beKTa h TaKHM o6pa30M ona He pfijiyKna saBHceTb ot (5 
HpH /5 — > oo. 3to osHanaeT, hto pemeTOHHa^^ HjioTHOCTb jiHHeiiHoro o6T.eKTa 
Be^eT ce6a KaK 

/?-a^"\ (2.18) 

AHajiorHHHbiM o6pa30M flji5i 2 - Mepnoro o6T.eKTa, Bbi>KHBaioiri;ero b nenpepbiB- 
HOM npe^ejie 

p^a^-\ (2.19) 

r^e p - 3T0 CHOBa pemeTOHHasi njiOTHOCTb p^annhix oS^beKTOB. 
JXjih JiK)6oro i],ejioro D mm HMeeM p^jisi D - Mepnoro oG^beKTa: 

p - a^-^. (2.20) 



TaKHM o6pa30M, pemeTOHHbm oSi^eKT c njiOTHOCTbK), yflOBjieTBopsiroineii (12.201) 
npH (5 oo MO>KeT CHHTaTbC5i Bbi>KHBaK)mHM B HenpepbiBHOM npe^ejie h HMe- 

K)mHM pa3MepH0CTb D. 



EcjiH >Ke Ham oSteKT y^OBjieTBopsieT (12.201) c nei^ejibiM D > 0, mm mo 



>KeM rOBOpHTb O 4)paKTajIbH0M oSl^eKTe pa3MepH0CTH D. StQ. TOHKa 3peHH5I 

CTaH0BHTC5i OHeBHflHOH Hocjie fleMOHCTpaii,HH Toro, HTO yKa3aHHoe Bbime onpe- 
flejienne 4)paKTajibH0H pa3MepH0CTH naxoj\RTC5i b cooTBeTCTBHH c onpeflejieHH- 
eM Xaycflop4)OBOH pa3MepH0CTH MHO>KecTBa norpy>KeHHoro b neTbipexMepHoe 

npOCTpaHCTBO. 

Xayc/],op4)OBa pa3MepH0CTb oS^-eKTa b 4 - x MepnoM npocTpancTBe onpe^ejiJi- 



eTC5i cjie;];yK)inHM o6pa30M [38]: PaccMOTpHM 4-x MepHbiii Ky6 4)HKCHpoBaHHoro 
4)H3HHecKoro pa3Mepa. Pa3flejiHM ero na noflKy6oB. Mhcjio noflKy6oB no- 
KpbiBaroinHx oSi^eKT o6o3HaHHM A^. Ecjih ~ L^, n D > npn L ^ oo, mm 
roBopHM, HTO Ham oGi^eKT HMeeT Xayc/],op4)OBy pa3MepH0CTb D. 

KaK MM MO>KeM npeflCTaBHTb ce6e pa3flejieHHe Ky6a neKOToporo 4)H3HHecKO- 
ro pa3Mepa na pa3Hbie KOJiHHecTBa no/],Ky6oB, Hcnojib3y5i pemeTOHHyro Teopnio? 
OTBeT cjieflyK)m,HH. Pa3/],ejieHHe na 6ecKOHeHHoe KOJimecTBO noflKy6oB npe^- 
CTaBji5ieTC5i caMHM HenpepbiBHMM npe^ejiOM (pemeT0HHa5i Teopna npn (5 = oo). 

31 



PemeTOHHaa Teopna KoneHHoro (5 He SKBHBajieHTHa HenpepbiBHoft TeopHH. 
Ho OHa npH6jiH>KaeTC5i k neii Korp^a (5 CTanoBHTCH GojibniHM. BiviecTO pas^ejie- 
HH5I Ky6a Ha no/],Ky6oB b nenpepbiBHOH TeopHH mbi MO>KeM HCHOJibsoBaTb 
pemeTOHHyio Teopnio, onpeflejieHHyio na pemeTKe pasMepa L. Mbi y>Ke BH/],ejiH, 
HTO pasMepbi pemeTOK, KOTopbie npe^CTaBjisiioT o^hh h tot >Ke 4)H3HHecKHH 
o6T.eM, CKeHJi5iTC5i KaK L ~ l/a(/5), r^e a{(3) npe^CTaBjisieT co6oh flJiHHy pe6pa 
pemeTKH. TaKHM oSpasoM, 4)paKTajibHa5i pasMepnocTb neKOToporo o6T.eKTa (c 
TOHHOCTbK) flo pa3HHi],bi Me>Kfly HHCTOH HenpepbiBHOH Teopneft h ee pemeTOHHoii 
BepcHen npn Sojibinnx (5) MO>KeT 6biTb HSBjieHena no 4)opMyjie 

N - L^, (2.21) 

r^e N - 3T0 HHCjio Ky6oB, KOTopbie noKpbmaiOT Ham o6T.eKT BHyTpn pemeTKH 
pasMepa L. Pa3HHH,a Mempy pByusi Teopn^MH HsnesaeT npn L — > oo (hto 
npe^nojiaraeT hto /3 — > oo). TaKHM o6pa30M, ( 12.211 ) 0CTaeTC5i BepHbiM pji^i 
/3 — )• oo, Korfla L R N paccMaTpHBaroTC^^ KaK 4)yHKii,HH ot /3 b to BpeM5i, KaK D 
ocTaeTca HesaBHCHMbiM OT ^, H Mbi MO>KeM paccMaTpHBaTb D KaK 4)paKTajibHyK) 
pasMepHOCTb namero o6T.eKTa, cym,ecTByK)m,ero b HenpepbiBHoii TeopHH. 

Tenepb HOKa>KeM, hto o6T.eKT na pemeTKe, Hb5i HjiOTHOCTb CKeftjiHTCH npn 

/3 — > oo B COOTBeTCTBHH C ( 12.201) C D > MO>KeT paCCMaTpHBaTbC5I KaK 06T.eKT 

B HenpepMBHOH Teopnn Xayc/],op4)OBOH pasMepnocTH D. Hhcjio noflKy6oB no- 
KpbmaK)m,Hx sjieMeHTbi namero o6T.eKTa BKjironeno b onpe^ejieHHe pemeTOHHOii 
njiOTHOCTH: p = N/L^. TaKHM o6pa30M, hhcjio sjieMeHTapHbix Ky6oB noKpbma- 
K)m,Hx Ham o6T.eKT BnyTpn 4 - x Mepnoro Ky6a neKOToporo 4)HKCHpoBaHHoro 
4)H3HHecKoro pasMepa MO>KeT 6biTb npeflCTaBjieno KaK 

N - pL\ (2.22) 

rpe L ~ l/a{l3). Mbi HMeeM h3 ( 12.201) : 



p = N/L^ ~ a^-^. (2.23) 

TaKHM o6pa30M, 

N ~ L^. (2.24) 

Sflecb D He 3aBHCHT ot ^5. B cooTBeTCTBHH c BbimecKa3aHHbiM Mbi paccMaTpH- 
BaeM D KaK Xaycflop4)OBy pa3MepH0CTb. 
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Phc. 2.6: SaBHCHMOCTb p ot a(/3) fl,Jis npocxbix n;eHTpajibHL.ix BHxpeii h ii;eHTpajibHL.ix mo- 
Honojiefi npocxofl LI,eHTpajibHOH npoeKij,HH. PemeTKa HMeex pasMep 24^. JlHHefiHt.ifi cJdht 
npe;],CTaBjieH cnjioniHofi h npept.iBHCToii jiHHHaMH. 



HxaK, Mbi 3aKjiK)HaeM, hto ecjiH pemeTOHHasi njiOTHOCTb neKOToporo oSteK- 

Ta yflOBJIGTBOpSieT ( 12.201 ) p^Jlil /3 — > OO, mbi MO>KeM rOBOpHTb, HTO 3T0T oSi^eKT 



BBi>KHBaeT B HenpepBiBHOM npe^ejie h HMeeT 4)paKTajiBHyio pasMepnocTB D. 
ripHHeM onpe^ejieHHe SToii pasMepnocTH cooTBGTCTByeT KjiaccHHecKOMy onpe- 
flejieHHK) Xaycflop4)OBOH pasMepnocTH. 

2.3.3 LI,eHTpajiijHijie BHxpn h mohohojih b nenpepbiBHOM npe^ejie 

HH>Ke MBI npeflCTaBjij^eM naniH HHCjieHHBie pesyjiBTaTBi. CHMyji5iii,HH npoBO^H- 
jiHCB j\ji5i pemeTOK pasMepa 16^ h 24^. Mbi hg bh/i,hm pa3JiHHH5i b pesyjiBTaxax 
fljiH 3THX pasMepoB pemeTOK, hto ^aeT HaM npaBO nojiaraTB, hto pa3Mep pe- 
meTKH He BjinaeT na pacciviaTpHBaeMBie BejiHHHHBi j\ji5i pemeTOK pasMepa IG"^ 
H 6ojiBme. 

PemeTOHHasi njiOTHOCTB BHxpeii h LI^eHTpajiBHBix MOHonojieii b ripocTOH LI,eH- 
TpajiBHOH npoeKii,HH npe/i,CTaBjieHBi na pHC. 12.61 Mbi npe/],CTaBji5ieM p KaK 4)yHK- 
ii,Hio OT a(/3). 3HaHeHH5i ^/Oc^a{P) flji5i flaHHBix KOHeHHBix SHaHeHHH P npefl- 
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CTaBjieHbi B Ta6jiHn,e I2.1[ Hs [22 



Mbl HaXOflHM, HTO SaBHCHMOCTb JIHHeHHa 



p = Pc^aa{P). (2.25) 

3flecb pc - 3T0 njiOTHOCTb npH a{f5) = 0, nojiyneHHaH 9KCTpanoji5ii];HeH flannbix 
H3 pHC. I2.6[ ii,eHTpajibHbix MOHonojiefi mm Haxo^HM: pc = 0.123 ± 0.001 h 
flji5i BHxpeii = 0.106 ±0.001. 51cho, hto ne CTpeMHTC5i k npn (5 —>■ oo. 
TaKHM o6pa30M, mm HMeeM h BHxpeft h ^jih MOHonojieii 

p - a^-^ (2.26) 

c D = 4. TaKHM o6pa30M, mm Haxo^HM flji5i HaniHx oSiaeKTOB cneij,H4)HHecKoe 
noBe/];eHHe hjiothocth. Ona He saHyjiaeTCH npn — > oo. 3to osnaHaeT b coot- 

BeTCTBHH CO CKaSaHHMM Bbime, HTO 3TH oSlieKTM BbI>KHBaK)T B HenpepbiBHOM 

npe^ejie c (JipaKTajibHoii pasMepnocTbio 4. CaM 4)aKT Toro, hto 4)paKTajibHa5i 
pasMepHOCTb MOHonojibHMx jiHHHH H MHpoBMx noBepxHOCTeft BHxpeft OKasa- 
jiacb MaKCHMajibHO bo3mo>khoh (paBHOH 4) He /],oji>KeH y/],HBji5iTb, nocKOJibKy b 
cooTBeTCTBHH c HaniHMH pesyjibTaTaMH 3TH oST^eKTM oGpasyiOT nepKOJiHpyio- 
mne KjiacTepbi. TeM ne Menee, cjie^yeT o6paTHTb BHHMaHHe na to, hto HHTep- 
nojiHpyiomaH 4)opMyjia p^jisi 4)paKTajibH0H pasMepnocTH (12.201) j\a.eT snaHeHHe 
cymecTBeHHO Menbinee, hcm Xaycflop4)OBa pasMepnocTb. Ka^ecTBeHHO sto co- 
OTBeTCTByeT TOMy, hto (12.201) onpe/],eji5ieT 4)paKTajibHyK) pasMepnocTb BHxpeii 



KaK OHa BHflHTC5I Ha paCCT05IHH5IX HOpSIflKa flJIHHM pe6pa pemeTKH, B TO BpeMH, 

KaK Xayc/],op4)OBa pasMepnocTb cooTBeTCTByeT MaKpocKonHnecKOMy MacmTa6y 
Bcero pemeTOHHoro o6T.eMa. Ilopfl6na5i CHTyaLi,HH, o^naKO, Tax >Ke He 5iBji5ieTCH 
HOBOH H xopomo HSBecTHa B TeopHH flHHaMHHecKHx TpHaHryji5ii],HH, rfle pasHbie 
onpeflejieHHH 4)paKTajibH0H pasMepnocTH TaK>Ke ^aiOT pasHbie pesyjibTaTbi [34]. 
B HacTHOCTH, Xaycflop4)OBa pasMepnocTb ^ByMepHbix flHHaMHHecKHx TpHanry- 
ji5iii,HH OKa3biBaeTC5i 6jiH3Ka K 4 B TO BpeMH, KaK TaK Ha3biBaeMa5i cneKTpajibHasi 
pasMepHOCTb 6jiH3Ka k 2. OTjiHHHe Me^K^y ^ByMH onpeflejieHH^^MH (|)paKTajib- 

HOii paSMepHOCTH p^Jl^l flHHaMHHeCKHX TpHaHryjI5II],HH 06yCJI0BJieH0 B03HHKH0Be- 

HHeM TaK Ha3biBaeMbix "flonepHnx BcejieHHbix"(baby universes). CneKTpajibHaa 
pa3MepH0CTb 6ypjHR napaMeTpoM jioKajibHbiM onpe/],eji5ieT pa3MepH0CTb p^y- 
MepHOH noBepxHOCTH Ha MacmTa6ax cymecTBeHHO MeHbine cpe^Hero pa3Mepa 
"/],OHepHHx BcejieHHMx". HMeHHO OHa H OKa3biBaeTC5i 6jiH3Ka K 2. OflHaKO, ecjiH 
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CMOTpeTb Ha KjiacTep, o6pa3yeMbm noBepxHOCTbio "co CTopoHbiTO ecTb c pac- 
CT05IHHH, npeBbimaiomHx cpe/],HHH pasMep "flOHepHHx BcejieHHbix to mm yBH- 
flHM CHJIbHO nepKOJiHpyioinHH oS^beKT C 4)paKTajIbH0H paSMepHOCTbK) 6jih3koh 
K 4. KaK Mbi nojiaraeM, coBepmeHHO TaKa5i >Ke KapTHHa HMeeT MecTO h b cjiy^ae 

C HaniHMH BHXpeBblMH nOBepXHOCTHMH. 

CjieflyeT OTMeTHTb, hto cpe^Hee ^eiicTBHe b6jih3h MOHonojibHbix jihhhh 
6ojibme cpeflHero /],eHCTBH5i no Bceft pemeTKe. IlpeBbimeHHe cocTaBji5ieT meyKpy 
5% H 8% B HHTepBajie 2.1 < /3 < 2.6. 3to osHanaeT, hto flanHbie oG^beKTbi 
HecyT SHeprHK). Mohohojih 4)opMHpyK)T o/],hh 6ojibmoH KjiacTep h necKOJibKO 
MajieHbKHx. TaKa5i CHTyaii,H5i aHajiorHHna CHTyaii,HH b MaKCHMajibHoft A6ejie- 
BOH KajiH6poBKe [40j. Cjiepjsi stoh ccbijiKe mm nasbmaeM Gojibmne MOHonojib- 
Hbie neTjiH HHcj^paKpacHbiMH, a MajieHbKHe - yjibTpa4)H0JieT0BbiMH. Ylocjiepfine 

- He4)H3HHeCKHe. Mm HaXO^HM, HTO HX KOJIH^eCTBO COCTaBJiaeT OT 1 flfl 3% OT 

Bcex MOHonojieii. 



2.4 ny6jiHKaLi;HH 
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"The simple center projection of SU(2) gauge theory B.L.G. Bakker, A.I. 
Veselov, M.A. Zubkov. Nucl.Phys.Proc.Suppl.94:478-481,2001. 

"Evidence for the reality of singular configurations in SU(2) gauge 
theory B.L.G. Bakker, A.I. Veselov, M.A. Zubkov, Phys.Lett.B544:374-379,2002, 
[hep -lat/0205027| 
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FjiaBa 3 

A6ejieBO npe^cTaBjieHne ^jia Hea6ejieBoii 
nexjiH BHjibcoHa 

3.1 HocTaHOBKa npo6jieMbi 

B A6ejieBbix npoeKi],H5ix Hea6ejieBbix KajiH6poBOHHbix TeopHii Hea6ejieBbi ne- 
peivieHHbie npoeKTHpyiOTCsi na a6ejieBbi, hto snaHHTejibHO ynpomaeT HCCJie/1,0- 
Banne 

Opfl& H3 HanSojiee Ba>KHbIX BejIHHHH, C KOTOpblMH npHX0flHTC5I HMeTb flejio 

HccjieflOBaTeji5iM neaSejieBbix KajiH6poBOHHbix TeopHii - sto ueTjisi BHjibcoHa 

Wq[C] = x,(Pexp (2 1 A^dx^)) (3.1) 

3flecb A - KajiH6poBOHHoe nojie (npHHa/],jie>Kamee ajire6pe JIh cooTBeTCTByio- 
meft KajiH6poBOHHOH rpynnbi), C - saMKHyTbiH KOHTyp, P osnaHaeT ynopsiflo- 
HeHHe BflOJib KOHTypa, a Xq - xapaKTep b npeflCTaBjieHHH q KajinGpoBOHHOH 
rpynnbi. JJ^Ji^i npnMenennn A6ejieBbix npoeKn,HH Ba>KHO nivieTb npe^CTaBjienne 
nea6ejieB0H neTjin Bnjibcona b A6ejieB0M Bn/],e. HpeflCTaBjienne TaKoro Bn^a 
6bijio, flencTBnTejibno, npefljio>Keno ^bsiKonoBbiM n HeTpoBbiM b [43]. fl,Ji5i cjiy- 
na5i nenpHBOflnMoro npeflCTaBjiennsi q rpynnbi SU {N) ono nivieeT Bn/i,: 

W,[C] = I DficA9>^P{^ {Tr^^T/^dxJ, (3.2) 

rj\e g - sto SU{N) Kajin6poBonnoe npeoGpasoBanne, n ^4^ = gA^g^ — igd^g^. 
3flecb 7/^ = J2i^i,...,N~i'miHi^ r^e KajK^oe Hi o6o3nanaeT Sasncnbiii sjieivienT 
KapTanoBOH noflajire6pbi su{N)^ a (m^) - sto CTapmnn Bee npe^eTaBjiennsi. 
MaTpHn,bi Hi nopMnpoBanbi TaKHM oGpasoM, hto Ti HiHj = 6ij. KajinSpoBon- 
noe npeoGpasoBanne onpe^ejieno na Konxype C. Mepa fic,qig) npocTpancTBe 
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KajiH6poBOHHbix npeo6pa30BaHHH CTpoHTC5i Hcnojib3y5i HHBapHaHTHyK) Mepy Ha 
rpynne SU{N). Hn^Ke p^annaii KOHCTpyKij,HH o6cy>KflaeTC5i fleTajibHO. 

H B MOHOnOJIbHOH H B P - BHXpeBOH KapTHHaX yflep>KHBaK)mHe CHJIbI HHfly- 
II,HpyK)TC5I MarHHTHbIM HOTOKOM SaKjnOHGHKblM BHyTpH KOHTypa KOTOpblH CO- 
OTBeTCTByeT MHpOBOH JIHHHH 3ap5I>KeHHOH HaCTHI],bI |42j . B A6ejieB0H TGOpHH 

TeopeMa CTOKca Henocpe^CTBeHHO HcnojibsyeTCsi p^jisi BbiHHCJieHH5i MarHHTHoro 
noTOKa. fl,Ji5i BbiHHCjieHH5i MarHHTHoro noTOKa, saKjiiOHeHHoro BHyTpn KOHTypa 
cooTBGTCTByioinero Hea6ejieB0H neTjie BajibcoHa ^bHKOHOB h HeTpoB npe/],jio- 
>KHjiH HcnojibsoBaTb npeflCTaBjiGHHe ( 13.21 ) b cjie^yiomeM BH/],e: 

Wq[C] = J DficA9>W /^(^) Tr Wdx^ A dx,), (3.3) 

r^e g onpe^ejieHO na noBepxHOCTH A^(C), KOTopa5i HaT5irHBaeTC5i na KOHTyp C. 
HHTerpaji ot ^Ba - 4)opMbi no stoh noBepxHOCTH o6o3HaHeH Jm{C) ■■•dx^ A dxi,. 
BbipajKeHHG ( 13.31 ) HSBecTHO KaK Hea6ejieBa Teopeivia CTOKca. 



BbiBOfl npeflCTaBjieHHH ( 13.21 ) h ( 13.31 ) 6biji nepBOHanajibHO npe/],jio>KeH b Tep- 



MHHax Heperyji5ipH30BaHHoit nenpepbiBHOH TeopHH. HeKOTopbie npo6jieMbi c pe- 
ryji5ipH3ai],HeH nosBOJiHjiH BnocjieflCTBHH aBTopaM ny6jiHKan,HH [46j ocnopHTb 
cnpaBefljiHBOCTb yKasannbix npeflCTaBjienHii. O^HaKO, nocjieflOBaTejibHbm bbi- 
BOfl pemeTOHHoro BapnanTa npeflCTaBjieHH5i ( 13.21 ) /],aHHbiH aBTopoM nacTOsimeH 
flHCcepTaii,HH paspeniHji yKaaaHHyio npoSjieiviy h noflTBepflHji cnpaBefljiHBOCTb 
HenpepbiBHbix Bbipa>KeHHH ( 13.21 ) h ( 13.31 ). BepHbix c TOHHOCTbio j\o 4)aKTopa coot- 



BeTCTByiomero nepenopMnpoBKe Maccbi 3ap5i>KeHHOH HacTHi],bi. HMenHO noHBjie- 
HHe yKasaHHoro 6ecKOHeHHoro 4)aKTopa 6bijio omH6oHHO BocnpHHHTO aBTopaMH 
KaK yKasanne na omiiSoHHOCTb npeflCTaBjieHH5i ( 13.21 ). 
Hhjkg npHBOflHTCH BbiBOfl pemeTOHHoro BapnaHTa 4)opMyjibi ( 13.21 ) h o6cy>K- 



fleHHG ero nenpepbiBHoro npe^ejia. Cjie^yeT OTMeTHTb, hto b [3H US]) 6bijia 



flana npH6jiH>KeHHa5i 4)opMyjiHpoBKa pemeTOHHoro BapnaHTa npeflCTaBjieHH5i 
( 13.21 ). OflHaKO, fljia ycTaH0BjieHH5i cnpaBe^jiKBOCTH nenpepbiBHoro Bbipa>KeHH5i 
( 13.21 ) Heo6xoflHMO HivieHHO TOHHoe pemeTOHHoe npeflCTaBjieHne, KOTopoe h bbi- 
B0flHTC5i HH>Ke BMecTG c TOHHbiM pemeTOHHbiM BapHaHTOM Hea6ejieB0H TeopeMbi 
CTOKca. 
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3.2 HenpHBO^HMbie npe^cxaBjieHHa rpynnbi SU{N) 



HH>Ke KpaTKO 4)opMyjiHpyK)Tca ocHOBHbie 4)aKTbi TeopHH npe/],CTaBjieHHH, hc- 
nojibsyeMbie flajiee. 

1. ripocTpaHCTBO V jiio6oro HenpHBO^HMoro npeflCTaBjieHH5i rpynnbi SU{N) 
cocTOHT H3 TeHsopoB ^'i^ia-.-ir' CHMMeTpH5i ^ onpefleji5ieTC5i Ha6opoM IJ,ejIbIX 
HHceji Qi {i = 1, N —1) (Ei qi = t, > 0), KOTopbiii HasbmaeTCsi CHrnaTypoH 
npeflCTaBjieHHJ5. 9jieMeHTbi V - sto Tensopa 

j'^i (3-4) 

fljI5I JIK)6orO /C G {1, gi} HHCJIO HH^eKCOB if 0603HaHeH0 KaK Ck- ynopHflOHHM 

3TH HHfleKCbi cjieflyiomHM o6pa30M: 

■■1 jl .-1 

;2 



ll ... ... 



h 



(3.5) 



Tor^a - 3T0 fljiHHa i-ft CTpoKH B TO BpeMH KaK BbicoTa l-ro CT0Ji6ij,a q. 

2. PaccMOTpHM npoHSBOJibHbiii TeH3op ji . TeHsop Tpe6yeM0H 

CHMMeTpHH nojiynaeTCH nocpeflCTBOM cjie^yromero npeo6pa30BaHHH: 



^,•1 ,-1 a'^I — > tS^^',-! ,-1 fl „ci 



= i:{-)^'"'*5[..^^,.;,,^4'..4;,|. (3-6) 

r/],e cyMMa 6epeTC5i no nepecTanoBKaM 5* HH/],eKCOB. Ka>K/],a5i nepecTanoBKa co- 
CTOHT H3 ynopsifloneHHoro npoHSBe^eHHsi Q x V neKOTopoft nepecTaHOBKH V 
BHyTpH CTpoK Ta6jiHLi,bi (13.51 ) H HeKOTopoH nepecTaHOBKH Q BHyTpH 

CTOJiK)i],OB (ij...if). P{S) = 0(1) ecjiH Q neTUduSi (HeHeTHa5i). 

3. riycTb Uij - 3T0 N X N MaTpHLi,a, KOTopaa npe^CTaBjiaeT neKOTopbift sjie- 
MeHT SU{N). Tor/],a fleftcTBHe SToro sjieivieHTa na V fl,&eTC5i: 

\U. . ■ ^T> (JjV.^^.^-^-'il) ■ ■ ■ 
^^l^2...^,. ^ -^gV^ Ai22...ir ^JU2---V 

Mbi TaK>Ke sanHCbiBaeivi: 

\^)^V,{V)\^) (3.8) 
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4. ripeflCTaBHM HHcjDHHHTesHMajibHbiH sjieivieHT SU{N) KaK U = exp{iAs). 
Sflecb s - 3T0 Majibiii napaivieTp, a A - MaTpHi],a, KOTopasi npeflCTaBjisieT onpefle- 
jieHHbiH sjieivieHT ajire6pbi JIh su{N). Tor^a ( 13.71) onpe/],eji5ieT npeflCTaBjieHHe 
su{N). Mbi o6o3HaHaeM cooTBeTCTByiomyK) MaTpHii,y 'Dq{A): 

V,{U) = exp{iV,{A)s) (3.9) 

5. Hcnojibsya KapTanoB 6a3HC, A e su{N) MO>KeT 6biTb npeflCTaBjiena k&k 

A= H'TrAH' + 

i=l,...,N-l 

E (E'^TiAE'^y + {E'^)+TtAE'^) (3.10) 

KapTaHOBbi sjieMeHTbi sto 

W = diag (1, 1, -1, 0, ...) (3.11) 

/^(^ + 1) 



C^BHroBbiH onepaTop onpe/],eji5ieTC5i KaK: 

{E'^)ah = 5a^5,J (3.12) 
6. HopMHpOBaHHblH BeKTOp |A") ((A°|A°^) = 1), 5IBJI5IK)mHHC5I Co6cTBeHHbIM 

jiK)6oro onepaTopa T>q[H^) nasbiBaeTcsi BecoBbiM BeKTopoM. S^ecb A" (a = 
1, — 1) - cooTBeTCTByiomHe co6cTBeHHbie SHaneKHH: 

r>g(i^^)|A«) = A*|A") (3.13) 

CflBHroBbiii onepaTop ;:],eHCTByeT na BecoBoft BeKTop cjieflyioinHM o6pa30M: 

Vq{E'^)\A.'') - |A" + (a*^)«) 
r>g(£;^^')+|A'^) - |A«-(a*^')") (3.14) 

Sflecb I a) ~ 1 6) osHanaeT, hto |a) = C\b) neKOTopoH nocT05iHHOH C . Hncjia 
a^^ Ha3biBaK)TC5i koph5imh su{N). Ohh BxoflHT B cjieflyioiuHe KOMMyTai],HOHHbie 
cooTHomeHH5i: 

[i?^ ^^^l = {a'^fE'^ 

(E*^')+] = -(a*J)«(E*^')+ (3.15) 
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7. BecoBoii BeKTop, aHHHrHjiHpyeMbiii KajKflbiM h3 onepaTopoB E'^^ nasbi- 
BaeTC5i CTapniHM BexTopoM. CooTBeTCTByiomHii Ha6op nuceji A*^ HasbmaeTCii 
CTapniHM BecoM h o6o3HaHaeTC5i m°'. 

Mbi o6o3HaHaeM CTapniHi! BCKTop |0). C tohhoctbio flo HopMnpyiomero 4)aK- 
Topa OH cooTBeTCTByeT Tensopy 

-<s^4..4 (3.16) 

8. CTapniHii Bee npe^eTaBjieHHii q paBen: 

m = ^===f{qi + Q2 + ■■■ + qi-i-iqi) (3.17) 
VH* + 1) 

9. CueTeMa KorepeHTHbix eoeTOiiHHH eooTBeTeTByiomaH npe;];eTaBjieHHio q 
3T0 ejie^yiomee noflMHo:aceeTBO V: 

{\g) : \g) = e'^^^^VM\0) {g e SU{N))}, (3.18) 

rj\e (f){g) - sto fleiieTBHTejibHO - SHa^naii d^yHKu^nsi na SU{N). 

10. CueTeMa KorepeHTHbix eoeTOiiHHii nojina: 

I'^9\9){9\ = ^ (3.19) 

Sfleeb D{q) - bto pasMepnoeTb npefleTaBjieHHH. Mepa na SU{N) nopMnpoBana 
TaKHM o6pa30M, HTO I dg = 1. 

3.3 A6ejieBO npe^cxaBjieHHe HeaGejieBoii nexjin Bajibco- 
Ha Ha pemeTKe 

PaccMOTpHM pemeTOHHyK) SU {N) KajinGpoBOHHyio MO^ejib co CKajiapHbiM no- 
jieM npHHafljiejKamHM k npefleTaBjienHio q rpynnbi SU{N). B /],onojiHeHHe 
exajiiipHoe nojie paeeMaTpHBaeTea b npHeyxeTBEH BHemnero U{1) KajiH6poBOH- 
Horo nojiH ^ g] — TT, tt] (onpeflejieHHoro na jiHHKax pemeTKii). CTaTHeTH^eeKaii 
eyMMa HMeeT bh^: 

Z[e] = { J D^expiY: ^:V,iU,y)e'% - y($))) (3.20) 

Sfleeb U G SU{N), a epe^nee BbmnejiiieTeii b neKOTopoii SU{N) KajiH6poBOH- 
Hoii TeopHH. Mbi nojiaraeM noTeHLi;Haji V 6eeK0HeHH0 rjiy6oKHM h HMeiomHM 
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MHHHMyM npH $ = |0) c 1^(|0)) = 0, r^e |0) - CTapniHH BexTop npeflCTaBjieHHH. 
Mbi TaKJKe Tpe6yeM, htoSbi V 6biji HHEapnaHTHbiM OTHOCHTejibHO npeoGpaso- 
BaHH5i $ — )• e^^T)q{g)^^ rp^e a - npoHSBOjibHoe fleiicTBHTejibHOSHaHHoe nojie. 

Hflea 3aKjiK)HaeTC5i b tom, htoGbi npe/],CTaBHTb CTaTcyMMy j\ByM5i cnoco6a- 
MH KaK cyMMy no mhpobbim jihhhhm CKaji5ipH0H HacTHii,bi. riepBbiH cnoco6 6y- 
pfiT npoH3BO/],5iinHM 4)yHKi],HOHajiOM Hea6ejieB0H neTjiH EnjibcoHa (b npe/i,- 
CTaBjieHHH q). BTopoft cnoco6 flaeT npoHSBOflsnnHii 4)yHKi],H0Haji p^ji^i A6ejieBa 
npeflCTaBjieHHJ5 neTjiH BHjibcoHa. HaKOHen,, 6jiaroflap5i npoHSBOJibHOCTH Mepbi 
HHTerpHpoBaHH5i no SU {N) nojiHM mbi nojiynnivi 3KBnBajienTnocTb o6onx npe/i,- 
CTaBjiennn p^jiii neTjin Bnjibcona. 

3.3.1 npoH3BOflHii];HH (J^yHKL^HOHaji Z[9] ^JiH nexejib BHJibcoHa 

Mbi MO>KeM peflyn,npoBaTB nnxerpnpoBanne no $ k nnTerpnpoBannio no 5^ G 
SU{N) n no /],eHCTBnTejiBnoMy nojiio a. 06a uojiii onpe^ejienBi b ysjiax pe- 
meTKn. Tor^a mbi MO>KeM nepenncaTB (111.191 ) KaK cyMMy no MnpoBBiM jinnn^M 
CKajij^pa cjieflyK)U],HM o6pa30M: 

Z[e] = if DaDgexp{Y.m,{g)tV,{U,y) 
e*^-^+*"^-*"-r>^(i/)y|0))) 

c 

CyMMa sflecB no saMKnyTBiM nyTSM C. SaMKnyTBiii pemeTO^HBin nyTB onpe- 
flejiHeTCH KaK OTo6pa>KenHe C : = {0, 1, — 1} — X (r^e X - 3to Mno- 
>KecTBO ysjiOB pemeTKn, a N - n,ejioe nncjio) TaKoe, hto p^jiii Ka>K/],oro k G Z^ 
TonKn C{k) n C{[k + l]modA^) CBHsanBi jihhkom. HponsBeflenne no Bceivi Ta- 
KnM jinnKaM o6o3nanaeTC5i KaK Il{xy}eC: r^e Ka>KflBiH jinnK cnnTaeTC^^ o^nn pas 
n npe/],nojiaraeTC5i, hto x = C{k) vl y = C{[k + Ijmod A^) neKOToporo k. 
j{C) - n,ejiOHHCJiennoe jinnKOBoe nojie KOTopoe cooTBeTCTByeT nyxn C. \jxy\ ot- 
cnnTBiBaeT ckojibko pas ^annBin jinnK {xy} BCTpenaeTca Kor/],a mbi flBH>KeMC5i 
BflOJiB nyTn. 3naK jj;y OTpa>KaeT opnenTai^nio nyxn C. TaKnM o6pa30M, Mjiynaii 
\j\ > 1 cooTBeTCTByeT najio>Kennio paanBix nacTen C ppyr na flpyra. CjiepjeT 
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OTMeTHTb, HTO j He CO/],ep>KaHT nOJIHOii HH4)0pMaiI,HH 06 OpHeHTai],HH C. HOSTO- 

My pasHbie nyra MoryT cooTBeTCTBOBaTb Toii >Ke 1 - 4)opMe j{C). 9to MO>KeT 
npoHSOHTH ecjiH C HMeeT caMonepeceHeHH5i. OflnaKO, b ( 13.211 ) ctoht cyMMa no C 
KOTopbie HMeiOT pasHue j{C). 3to osHanaeT, hto KajK^biii hjigh b cyMMe saBH- 

CHT TOJIbKO OT j [C) (a HG OT CaMOrO C). n{j) - 3T0 HHCJIO TOneK, KOTOpbie BX0J\51T 

B nyTb npeflCTaBjiHeMbiH j. TaK>Ke mm HcnojibsyeM cjieflyiomee o6o3HaHeHHe: 

{j,0) = Y.J.y0.y, (3.22) 

xy 

rp^e cyMMa - no jinnKaivi pemeTKH. 

Mbi o6o3nanaeM {i\'Dq{g)\0) = 1)5(^)^0; (0|X>g(^)+|z) = T)q{g)^i, r^e \i) - 
6a3HCHbm BeKTop npocTpancTBa V npe^CTaBjiennsi q. HnTerpnpoBanne no Dg 
MO>KeT 6biTb npoHSBe^eno c ncnojibsoBanneivi cjie;];yion],Hx Bbipa>KeHHH: 

J dgVq{g)+Vq{g)oj = J^^ij 

J dgVq{g)+QVq{g)oj^Vq{g)+QVq{g)oj^ = 

(3.23) 

Sflecb Mepa dg nopivrnpoBana Tax, hto J dg = 1. HepBoe Bbipa>KenHe OTpa>KaeT 
nojinoTy cncTeivibi Korepenrabix cocT05inHH n npe^nojiaraeT, hto Mi{q) = D{q)^ 
r^e D{q) - pasMepnocTb npeflCTaBjiennH. ^pyrne ypaBnennH cjiepjK)T ns KajinG- 
poBonnoH nnBapnanTnocTH. CooTBeTCTByK)m,He K034)4)Hn,HeHTbi Mi{q) saBHCOT 
OT npeflCTaBjienna n MoryT 6biTb Bbinncjienbi b 5iBnoM BH/],e ncnojibsysi Bbipa- 
>KenH5i p^jiii 6a3Hcnbix BeKTopoB V n Texnnxy pa3jio>Kenn5i cnjibnon CB5i3n (cm., 
nanpHMep, [36]). 
Mbi nojiynaeM: 

Z[e] = {j:C{j{C))e^^^^'^^'^Wq[C]) (3.24) 
c 

rpfi cyMMa - no eceM pasHUM C. Wq[C] - sto ueTjisi Bnjibcona (b npe^CTBajiennn 
q) cooTBeTCTByK)ni,a5i nyxn C : Z^v — > X: 

Wq[C] = TiVq{Ucio)cii)WUcim2))... 

•••^g(^C(7V-l)C(0)) (3-25) 
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Mbi TaKJKe o6o3HaHaeM 



C{j) 



(3.26) 



(Mi(g))"iO)(M2(g))"^W... 



3flecb ni - HHCjio tohgk nyTH C, b KOTopbix hgt caMonepeceHeHHH, n2 - hhcjio 
nyTeii, b KOTopbix ecTb oj\no caMonepeceHeHHe (t.g. ecTb /],Ba pasHbix ka E 

Zn: (o = 1,2), TaKHX, HTO C{ki) = C(/C2)), ^3 " HHCJIO TOHeK, B KOTOpblX C 

nepeceKaeT caivi ceGa TpH>K/],bi h t./i,. (n = J2i tli). 

KaK Mbi y>Ke OTMe^ajiH, j He coflep>KHT nojinyio HH4)opMai],Hio 06 opn- 
eHTaii,HH C. riosTOMy mm HSBjieKaeivi h3 ( 13.241 ) cyiviiviy no neTji5iM BHjibcoHa, 
KOTopbie HMeiOT oflHO H TO >Ke j{C). Bbipa>KeHHe ^jih BaKyyMHoro cpe^Hero 
VFg = Y.j[c]^i Wq[C\ MO>KeT 6biTb nojiyneno, Hcnojibsya npeo6pa30BaHHe Oypbe: 



3.3.2 Z[9\ KaK npoHSBO^amnft 4)yHKi];HOHaji ^Jia A6ejieBoro npe^- 

CTaBJIGHHH neTJIH BHJIbCOHa 

Tenepb 3a4)HKCHpyeM KajinGpoBKy, b KOTopoH = e^^'^lO) {a - /^eiicTBHTejibHoe 
nojie). Mbi HMeeM: 



K) = E {w,[c]) 




(3.27) 




xy 



■V 



= (E(^(j(0)exp(z(j(0,^)) 



c 




(3.28) 



3/],ecb cyMMa no C, KOTopbie MoryT nivieTb pasnbie j (C), n 




(3.29) 



43 



3.3.3 3KBHBajieHTHOCTi> neTjiH BHJibcoHa h ee A6ejieBa npe^cTaB- 
jieHHa 



BcnoMHHM, HTO ( 13. 241 ) H ( 13.281) - sto pasHbie npeflCTaBjieHH5i oflHofi h toh >Ke 



BejiH^HHbi. Tor^a mm nojiyHHM: 

(»'i> = ^/0flexpH((,fl))Z[«] 

= E ^(nM.C|-7^(op,(c/x„)|o)W'^'-»i 

j[C]=l^['^) \J[^)xy\- 

= E c(/)(/D5n{,,},c(o|i^,(f/4)|o)i^-(^)-i), (3.30) 



rpfi Mbi HcnojibsoBajiH KajinGpoBOHHyio HHBapHaHTHOCTb onepai],HH (...) h bbcjih 

HOBblH K0M6HHaT0pHbIH 4)aKT0p 

C(/) = (Mi(g)"^(^)M2(g)"^(')...)niinks^, (3.31) 

Klink|! 

r/],e cyMMa no Bceivi jiHHKaivi pemeTKH. KajiH6poBOHHoe npeo6pa30BaHHe jihh- 
KOBOH nepeivieHHOH U^y oGosHaneHa U^y = gUxyQ^ ■ Mepa Dg onpeflejiena Tax, 
HTO / Dg = 1. 

Bjiaroflapa npoHSBOJibHOCTH ycpeflHenHH (...) no KajinSpoBOHHOMy nojno U 
Mbi HMeeM: 

K = C[l] j D^n|,,},c(0|^^,(^4)|0)"'-" (3.32) 

TaKnM o6pa30M, cyiviivia SU {N) nexejib Bnjibcona, cooTBeTCTByK)m,Hx oflnoii 
n TOH >Ke 1 - 4)opMe / MO>KeT 6biTb npeflCTaBjiena nepes A6ejieB0 npe^CTaBjienne 
^{xy}ec{^\'^qiUxy)\0)^^''^^- flji^ neTejib Bnjibcona 6e3 caMonepecenennn nMeeivi: 

= w[C] (3.33) 



Tor^a C[l] = D{qY^^^ = D{q)\'^\ vj\q \C\- /],jiHna Konxypa. B stom cjiynae ( 13.321 ) 
HMeeT BHfl: 

W,[C] = D{qf\jDgUxy^c{OmU^^y)\0), (3.34) 

Bbipa^Kenne ( 13.341 ) n ecTb nam ochobhoh pesyjibTaT. ^ajiee mm nojiynnM 
HBnoe Bbipa^Kenne p^ji^i MaTpnnnbix sjieMenTOB, Bxofl5in],Hx b ( 13.341 ) n o6cyflnM 
CBOHCTBa CHMMeTpnn ( 13.341 ). 
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3.4 CBoiicTBa nojiyneHHoro npe/],CTaBjieHHa 



HH>Ke BbiB0flHTC5i Bbipa>KeHHe flji5i (0|'Dg(?7| )|0) Bxoflj^mero b ( 13.341) . TaK>Ke 



Mbi BBOflHM HOBbie o6o3HaHeHHa fl^jin Toro, HToGbi npo^eMOHCTpHpoBaTb A6ejie- 
By npHpofly (13.341) . 

HcnojibsyeM 5iBHoe Bbipa>KeHHe /],ji5i CTapmero BGKTopa h ^jih MaTpHii,bi 
T)q{U) npHBe^eHHbie Bbime. Mbi MO>KeM npe^CTaBHTb {0\Dq{U)\0) KaK 

{Q\Vq{Um =U{U), (3.35) 

r^e 

. . .U Ql^l ■ . .U qCI (3.36) 

a HOpMHpOBOHHblH (|)aKTOp K Bbl6paH TaK, HTO W(l) = 1. SflGCb cyMMa 6epeTCH 

no Si H Si BxoflHmHM B cjie^yiomHe Ta6jiHi],bi: 

cl cl cl cl cl cl 

••• ••• ••• ■■■ ^qx 

Di ... Di ... 



(3.37) 



CCl QCl 

Ol . .. Oi 



(CTpOKH COflep>KaT gi, ^2, 9ci SJieiVieHTOB B TO BpeMH, KaK CT0Jl6l],bI coflep- 

jKaT Cl, C2, % sjieivieHTOB.) Kamp^aii h3 flByx TaGjiHii, nojiyneHa nocpe^CTBOM 
nepecTanoBKH BHyTpn CTpoK h nepecTanoBKH BHyTpn ctoji6i],ob h3 cjieflyromeii 
Ta6jiHij,bi: 

1 ... 1 ... 1 

2 ... 2 , , 

(3.38) 

Cl ... 

P(/S') = 0(1) ecjTH cooTBeTCTByiomaH nepecTanoBKa BnyTpn ctojt6i],ob neTHaa 
HeneTHasi) . 

Mbi MO>KeM nepenncaTb ( 13.361) b KOMnaKTHOM BH^e 



U{U) = u,,{U)u,,{U)...uj,^^{U), (3.39) 
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r^e 



I Uu 



(^iviiU) = det 



UiM \ 



(3.40) 



V Umi ■■■ Umm J 

^ji5i Toro, HTo6bi npo;],eMOHCTpHpoBaTb U{1) npHpofly BbiBe;],eHHoro Bbipa- 
>KeHHH neTjiH BajibcoHa (13.341) mm nepenncbiBaeM ero cjie^yioinHM o6pa30M: 



r^e 



W,[C] = Dgeyi^{i{A^,j{C)) + \og{D{q))\C\), 



Al, = -^logW([/4) 



(3.4i; 



'■xy ""^to"-' xyy (3.42) 

3T0 KOMnjieKCHO - SHaHHoe jiHHKOBoe nojie. HH>Ke mbi noKa>KeM, hto ero flefi- 
CTBHTejibHasi HacTb MO>KeT paccMaTpHBaTbCH KaK A6ejieB0 KajiH6poBOHHoe no- 
jie. (Cjie^yeT OTMeraTb, hto MHHMasi HacTb 3aHyjiHeTC5i b nenpepbiBHOM npe^e- 
jie. 3to 6yfleT noKasaHO HH>Ke Kor^a mbi 6yfleM paccMaTpHBaTb HenpepbiBHBiH 
npe^eji nojiyHeHHBix BBipa>KeHHH.) 

3KcnoHeHTa b (13.411) HKBapnaHTHa OTHOCHTejibHO U{N — ci) - npeo6pa30Ba- 

HH5I 



rfle Qx £ U{N — ci) onpe;],ejieHO b TOHKax nyra C, 



(3.43) 







h{n) = 



\ 



e*" 

... n 



(3.44) 



H 



detn = e-*"i" 

3to npeo6pa30BaHHe ^encTByeT na cjie^yioinHM oSpasoM: 



A'^ 



All = AL + via 



^xy 



xy 



a 



(3.45) 



(3.46) 



rfle r = Y.i(t - 3to panr npeflCTaBjieHH5i. 9to fleMOHCTpnpyeT, hto OTMeneHHaH 

U{N — Ci) CHMMeTpHH HHflyLI,HpyeT U{1) KajIH6pOBOHHyK) CHMMeTpHK), a flefi- 

CTBHTejibHasi HacTb HrpaeT pojib cooTBeTCTByiomero KajiH6poBOHHoro noji5i. 
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Ho anajiorHH c nenpepbiBHOH TeopneH mm nojiyHaeivi pemeTOHHbiH BapnaHT 
Hea6ejieB0H TeopeMbi CTOKca: 

W,[C] = / DgeyiY>{i[dA\m{C)) + \og{D{q))\C\), (3.47) 

r^e m(C) - sto n,ejiOHHCJieHHa5i njiaKeTHaa nepeMeHHaa KOTopasi npe^CTaBjisi- 
eT noBepxHOCTb, HaTHHyTyio na KOHTyp C. dA^ - sto ujia.KeTna.5i nepeMeHHaa, 
KOTopaa onpe/],ejieHa no anajiorHH c AGejieBoii Hanp5i>KeHH0CTbK) uojisi: 

[dA] 

xyzw Axy ~\~ Ayz Au!Z Axwi (3.48) 

rfle Mbi npe^nojiaraeM, hto HanpaBjieHH5i (xy) h [yz) nojio>KHTejibHbi. CyMMa 
no njiaxeTaM onpe^ejiena KaK 

{m,dA)= rnxyzw[dA]xyzw (3.49) 

xyzw 

Otmcthm flBa nacTnbix cjiyna^^, Kor^a Bbipa^Kenne (13.401 ) nMeeT nanSojiee 
npocTyio (|)opMy. 

^ji5i CHMMeTpHHnoro {qi = r, ^2 = ••• = Qn-i = 0) npeflCTabjiennsi mm 
nMeeM: U = Uli. Tor/],a Bbipa>Kenne neTjin Bnjibcona npnnnMaeT bh/i,: 

Wr[C] = J Dgexp{r{logUf,,j{C))^log{D{q))\C\) (3.50) 

(ripncoeflnnennoe npe^CTaBjienne - sto npnMep TaKoro npeflCTaBjienna, coot- 
BeTCTByK)m,HH r = 2. Oyn^aMenTajibnoe npeflCTaBjienne cooTBeTCTByeT r = 1.) 

^pyroH npocTOH cjiynan cooTBeTCTByeT a6cojnoTno anTncnMMexpnnnoMy 
npeflCTaBjiennio {qi = q2 = ■■■ = qr = ^^Qr+i = ••• = ^'a^-i = 0). B 3tom 
cjiynae mm HMeeM: 

( Un ... Uir \ 
U = det (3.51) 

y Url ... Urr J 

3.5 HenpepbiEHbiii upe^eji 

JJ^jiii Toro, nTo6bi paccMOTpeTb nenpepbrnnbin npe^eji pemeTonnoii Teopnn, cjie- 
flyeT paccMaTpHBaTb OKpecTnocTb (JiasoBoro nepexo^a BToporo po^a, r^e peme- 
Tonnbie no Ji5i uepexoj\5iT b rjiapjme no Ji5i nenpepbiBnon Teopnn. 
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PaccMOTpHM Bbipa>KeHHe ( l3.41l ) b pemeTOHHOH SU{N) Mo^ejiH HMeromeii 
4)a30BbiH nepexofl BToporo po^a. HsyHHM cjieflyiomHH KoppejiHTop: 

< 0{U)Wq[C] > (3.52) 

S^ecb 0{U) - 3T0 KajiH6poBOHHO - HHBapHaHTHbiH 4)yHKi],H0Haji. Mbi npe^no- 
jiaraeM, hto C ne HMeeT caMonepeceHeHHH. ^ajiee: 



{0{U)W,[C]) = {0{U)exp {z{A,j{C)) 

+log(D(g))|C|)), (3.53) 

Sflecb HHTerpHpoBaHHe no KajiH6poBOHHbiM npeo6pa30BaHH5iM BKjiioHeHO b 
cpe^Hee (...). Hpeflnojio^KHM, hto CHHryjiapHbie KajiH6poBOHHbie uojisi ne bo3hh- 
KaiOT B HenpepbiBHOM npe^ejie ^aHHOH MO^ejin. Tor^a mm MO>KeM HcnojibsoBaTb 

COOTBeTCTBHe: 

U,y^ (l + iA^Ax), (3.54) 

rj\e A - 3T0 HenpepbiBHoe KajinSpoBOHHoe nojie, a Ax - 6ecK0HeHH0 Majioe pac- 
CTOHHHe. CorjiacHO (13.541 ) {0\Vq{U)\0) cooTBeTCTByeT 

{0\Vq{U,y)\0) ^ 1 + i{0\V,{A^)\0)Ax (3.55) 

Tenepb 5icho, hto 

Ay ^ (0|P,(^J|0)Ax (3.56) 
a MHHMasi nacTb A sanyjisieTCsi b nenpepbiBHOM npe^ejie. 

BcnOMHHM, HTO B OKpGCTHOCTH 4)a30BOrO nepCXOfl^a BTOpOrO pOfla C = Cphys^, 

r^e fljiHHa pe6pa pemeTKH a CTpeMHTca k nyjiio, a 4)H3HHecKa5i fljinna KOHTypa 
paBHa Cphys = Ic \Jdx^dx^. PaccMOTpHM TaKoe O, KOTopoe CTpeMHTca k rjia^KO- 
My 4)yHKi],H0Hajiy ot ^4 b nenpepbiBHOM npe^ejie. Tor/],a mbi MO>KeM nepenncaTb 
HenpepbiBHbiH npe^eji (13.531 ) cjie^yioinHM o6pa30M: 

{0{U)W,[C]) = {0{A)exp {il{()\V,{A^)\0)dx, 

+ mq j^^dx^jkT^)) (3.57) 

TJ\Q nOCTOHHHaH ITiq paCXOflHTCH KaK 

TUq ~ MlogL'(g), (3.58) 
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Sflecb M - 3T0 yjibTpa4)HOJieTOBoe o6pe3aHHe (KOTopoe b cjiy^ae pemeTOHHoii 
peryjiHpH3ai],HH paBHO o6paTHOH p^jinne peGpa pemeTKn). 

B KajiH6poBOHHOH TeopHH jiK)6a5i ueTjiii BHjibcoHa cooTBeTCTByeT 3ap5i>KeH- 
HOH HacTHii,e. Pacxo/],HMOCTb niq B ( 13 .6 11 ) flOJiJKHa 6biTb BKjiiOHeHa B nepeHop- 



MHpOBOHHyK) CXeiViy JIJISI MaCCbl STOH HaCTHII,bI. 

BoccTaHOBHM HHTerpHpoBaHHe no KajiH6poBOHHbiM npeo6pa30BaHH5iM. Ilo- 
jiyneHHaH nenpepbiBHa^^ Teopna KajinSpoBOHHO HKBapnaHTHa. Torp^a mbi MO>KeM 
nepenncaTb nocjie^Hee Bbipa>KeHHe Kax: 

{0{U)W,[C]) = {O{A)jDgexp{iJ{0\Vq{A^)\0)dx, 

+ mq j^^d3~dx~^)), (3.59) 

r^e Dg - sto Mepa na npocTpancTBe Bcex KajiH6poBOHHbix npeo6pa30BaHHH, 
onpeflejieHHaa Tax, hto / Dg = 1. 

Bjiaroflap5i npoH3BOJibHOCTH cpeflnero (...) mm HMeeM: 

Wq[C] = / L>/ic(^)exp (z / (0|P,(^J|0) dxj, (3.60) 

rfle 

Diic,q{g) = J^{C)Dg = exp(m5 ^ ^dx^dx^)Dg (3.61) 

3Ta Mepa OTjinnaeTCsi ot npHBbiHHoii, HopMHpyeMOH Tax, hto / = 1. Oop- 
MajibHO J-" — > oo B nenpepbiBHOM npe^ejie. IIosTOMy ecjiH mbi noflCTaBHM Dg b 
( 13.21 ) BMGCTO Dfic,qig)7 TO HHTerpaji 3aHyjiHTC5i B nenpepbiBHOM npe/],ejie. HMen- 



no 3T0 n 6bijio o6Hapy>Keno aBTopaMH [46j ^jih neKOTopbix nacTHbix cjiynaeB 
A. Ham anajin3 noKa3biBaeT, hto BKjiionenne b paccMOTpenne pacxofl5in],eHC5i 
BejiHHHHbi niq BOCCTanaBjinBaeT cnpaBefljiHBOCTb a6ejieBa npe^CTaBjiennsi p^jisi 
nea6ejieB0H neTjin Bnjibcona, npefljio>Kennoro ^bHKonoBbiM n IleTpoBbiM. 

^encTBnTejibno, ncnojib3y5i KapxanoBO npe^CTaBjienne ( 13.101 ) A^^ mbi 
nojiynaeM 

(0|P,(^5)|0) = (0| E H'i:iA3W\Q) 

i=l,...,iV-l 

= TiAm'^ (3.62) 



TaKHM o6pa30M, npeflCTaBjienne ( 13.601 ) HMeeT bh^ ( 13.21 ) n3nanajibno npefl- 



jio>KennbiH ^bHKonoBbiM n HeTpoBbiM |4^, no c Mepoii nnTerpnpoBannH no g 
onpeflejiennoH b ( 13.611 ). 



49 



Hcnojibsya Bbipa>KeHHe KapTanoBbix sjieivieHTOB h CTapmero 
Beca jierKO BbiHHCJiHTb "H^ (hto He 6bijio cp^eji&no b [43]). Ero HenyjieBbie 
sjieMeHTbi 3To: 

n!, = q.-^ E qk{i = h...,N), (3.63) 

fc=l,..,A^ 

rp^e Mbi nojiaraeM g^v = 0. 

Tor^a Mbi MO>KeM nepenncaTb ( 13.601) b HanGojiee npocTOM Bup^e: 



W,[C] = J Dfic{g)exp {ij E {[AlU,)dx,) (3.64) 



i=l,...,7V-l 



CjieflyeT saivieTHTb, hto sto Bbipa>KeHHe MO>KeT 6biTb nojiyHeno h Henocpe/i,- 

CTBeHHO H3 (13.411) (c U flaHHbIM B (13.401) ). 



3.6 BbiBO/],M 

TaKHM o6pa30M, naMH BbiBe^eHO A6ejieB0 npeflCTaBjieHHe (13.411 ) ^jih SU{N) 
neTjiH BHjibcoHa na pemeTKe. 3to npe/],CTaBjieHHe co/],ep>KHT KOMnjieKCHO 
- SHaHHoe jiHHKOBoe nojie, 5iBji5iK)ineec5i 4)yHKii,HeH MaTpn^Hbix sjieivieHTOB 
SU{N) KajiH6poBOHHoro no Ji5i. (13.411) o6jiaflaeT U{1) KajinGpoBOHHofi CHMivieT- 



pneH. ^eftcTBHTejibHasi HacTb OTMeneHHoro jiHHKOBoro no Ji5i mo^kct paccMaTpn- 
BaTbCH KaK cooTBeTCTByKDinee KajiH6poBOHHoe nojie. MnnMasi HacTb sanyjisieTCH 
B HenpepbiBHOM npe^ejie. 

Hea6ejieBa TeopeMa CTOKca na pemeTKe cjie^yeT ecTecTBenHbiM o6pa30M h3 
(13.411) . Ona MO>KeT 6biTb HcnojibsoBana p^jiii BbiHiicjieHHsi MarHHTHoro noTOKa 



saKjiiOHeHHoro BHyTpn KOHTypa cooTBeTCTByiomero neTjie BHjibcoHa. Henpe- 
pbiBHbiH npe^eji BbiBe/],eHHoro Bbipa>KeHHH coBnaflaeT c Hcxo/],HbiM Bbipa>KeHH- 

eM, nOJiyHeHHbIM ^b^KOHOBblM H HeTpOBblM, HO C MepOH HHTerpHpOBaHH5I, OT- 

jiHHaK)ineHC5i OT o6inenpHH5iTOH, H onpeflejieHHoii b (13.611) . HivieHHO HenoHHMa- 
HHe Toro, HTO Mepa HHTerpHpoBaHHH HMeeT TaKoii bh/i, h npHBejia aBTopoB 
K HenpaBHjibHOMy BbiBOfly o6 oniHGoHHOCTH npeflCTaBjieHHa (13.21 ). 

3.7 ny6jiHKaii,HH 

PeayjibTaTbi HacTOHmeii rjiaBbi ony6jiHKOBaHbi b pa6oTe: 
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"Abelian representation of nonAbelian Wilson loop and nonAbelian 
Stokes theorem on the lattice M.A. Zubkov, Phys.Rev.D68:054503,2003, 
hep-lat/021200ll 
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MacTb II 

MoHonojiH HaM6y h 4)H3HKa 
3jieKTpocjia6bix BsaiiMo^eiicTBiiii 
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KaK yKasbiBajiocb bo BBeflenHH, npHMeneHne HenepTyp6aTHBHbix MeTo;];oB b 
3jieKTpocjia6oH TeopHH CTanoBHTCH Heo6xo;];HMbiM npn kohghhoh TeMnepaxype 
npH npH6jiH>KeHHH k TGMnepaType 9jieKTpocjia6oro nepexo^a. TaK>Ke OKasbi- 
BaeTCH Heo6xo/],HMbiM npHMeneHHe HenepTyp6aTHBHbix MeTOflOB h npn nyjieBoii 
TeMnepaType, Kor^a xapaKTepnaii sneprHii npoLi;ecca npH6jiH5KaeTC5i k 1 TsB. 
9to CBiisano c TeM, hto npH TaKHx aneprHHx Heo6xoflHMO y^HTbiBaTb noHBjieHHe 
MOHonojieft HaM6y h Z - CTpyn, mbh Macca naxoflHTCH na niKajie TsB. B neTBep- 
Toii rjiaBe naMH paccMaTpHBaeTC5i pemeT0HHa5i peajiH3aD;H5i uop^ejin BaHH6epra 
- Cajiaivia npn He4)H3HHecKH SojibniHx SHaneHHsix nocToaHHoii tohkoh CTpyKTy- 
pbi. HsynaeTCH 4)a30Ba5i CTpyxTypa MO^ejiH h CBoiicTBa pasjiHHHbix Tonojiorn- 
^ecKHx fle4)eKT0B, k kotopbim othochtch h MOHonojiH HaM6y. B nHToii rjiaBe 
Hsy^aiOTCii CBoiicTBa MOHonojieft HaM6y b xeopHH npH KoneHHoii TeMnepaType. 
IloKasbiBaeTCii, hto ohh CKOH;];eHCnpoBaHbi npH TeMnepaTypax 6ojibmHx TeMne- 
paTypbi 9jieKTpocjTa6oro nepexofla. B mecToii rjiabe paccMaTpHBaeTCH MOflejib 
BaHH6epra - CajiaMa npn HyjieBOii TeMnepaType n npn peajincTnnecKnx snane- 
nH5ix KoncTanT cbhsh. HoKasano, hto b OKpecTnocTH 4)a30Boro nepexo^a b pe- 
meTonnoH MO^ejin, r^e npe;];nojiaraeTC5i nponsBOflHTb nepexofl k nenpepbiBnon 
4)H3HKe, pacnojiOiKena (J)jiyKTyan;HonHa5i o6jiacTb, r^e (J)jiyKTyau;HH CKajiapno- 
ro nojiH CTanoB5iTC5i 6ojibmHMH. Hojiynenbi yKasannii na to, hto b 9toh o6jiacTH 
neB03MO>Kno npHMensTb o6binnyio Teopnio BOSMymennn, nTO no;];TBep5K;];aeTC5i 
Hccjie/],OBanHeM cbohctb Mononojien HaM6y, KOTopbie HBjiHiOTca sapoflbimaMH 
ne4)H3HnecK0H 4)a3bi nnyTpn 4)H3HnecKOH. noKa3ano, hto b 4)jiyKTyan,HonnoH 
o6jiacTH paccTOflnne Me^K^y MononojiiiMH CTanoBHTCH 6jih3ko k hx pasMepaM. 
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FjiaBa 4 



PemeTOHHaa peryjiapH3ai],Ha 
KajinSpoBOHHoro h XHrrcoBCKoro 
ceKTopoB CxaH^apxHoii Mo^gjih 

4.1 PemexoHHaa (J)opMyjiHpoBKa CxaH^apTHOH Mo/i,ejiH 

6e3 ^HHaMHHeCKHX 4)epMHOHOB 

HnjKe Mbi He HHTepecyeMC5i cJ^epMHOHHbiM ceKTopoM uop^ejin, nocKOJibKy naMH 
paccMaTpHBaeTC5i CTaH/],apTHa5i Mo^ejib b npeHe6pe>KeHHH EKjia^OM flHHaMHne- 
CKHx 4)epMH0H0B. fl,Ji5i pemeHHH sa^aHH 06 HccjieflOBaHHH cbohctb MOHonojieii 
HaM6y npn KoneHHoii TeMnepaType mm Bbi6HpaeM pemeTOHHyio peryjiapHsa- 
li;hio 317(3) x SU{2) x U{1) KajiH6poBOHHOH Mo^ejiH co CKajiapHbiM nojieM 
TaKHM o6pa30M, HTO b pemeTO^Hoii 4)opMyjiHpoBKe hbho npncyTCTByeT flpnoji- 
HHTejibHaa Zq CHMMeTpna, o6cy>KflaeMa5i b rjiaBe 10. B to 5Ke BpeM5i ^jia hc- 
cjieflOBaHHH 4)a30BOH flHarpaMMbi MO^ejiH BaHH6epra - CajiaMa npH HyjieBoii 
TeMnepaType npn peajiHCTHHecKHx KOHCTanTax cbhsh naMH HcnojibsoBaHa 06- 
iii;eynoTpe6HTejibHa5i peryjiapHsai^Hii, b KOTopofi OTcyTCTByeT flonojiHHTejibHaii 
flHCKpeTHaii CHMMCTpHii. 06e pemeTOHHbie 4)opMyjinpoBKH hmciot oahh h tot 
:>Ke HaHBHbiH HenpepbiBHbiii npe^eji. Hamn HCCJieflOBanHH TaKJKe noKasbmaroT, 
HTO p,ji5i peajiHCTH^ecKHx SHa^eHHH KOHCTaHT CB5I3H pemeTOMHbie pesyjibTaTbi, 
nojiyneHKbie c noMombio yKasannbix peryjiHpH3aii,HH, coBna^aiOT. B to >Ke Bpe- 
MH, pemeTOHHaa peryji5ipH3aii,H5i, yBajKaiomaa Zq CHMMeTpHio HMeeT pa^i, Tex- 

HHHeCKHX 0C06eHH0CTeH, OTJIHHaiOmHX ee OT oSmenpHHHTOH B He4)H3HHeCKOH 
06jiaCTH KOHCTaHT CB5I3H. 

B HacT05inj;eH rjiaBe mm OHHCbmaeM pemeTO^Hyio peryji5ipH3aD;HK) KajiH6po- 
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BOHHoro H XHrrcoBCKoro ceKTopoB CTaHflapTHOH MOflejiH, onpe^ejiHeM usuepsi- 
eMbie BejiHHHHbi h npe/],CTaBji5ieM pesyjibTaTbi HHCjieHHoro HccjieflOBaHHH peme- 
TOHHbix MOflejieii npn HyjieBoii TeivinepaType b o6jiacTH HecJiHSHHecKH SojibniHx 
SHaHeHHH 3jieKTpocjia6oH KOHCTaHTbi CB5I3H. HofloSHoe Hccjie/],OBaHHe Heo6xo- 
flHMO flOJi>KHO npe/],BapHTb HCCJie^OBaHHe MO^ejiH npn KoneHHOH TeivinepaType 
(npeflCTaBjieHHoe b rjiaBe 5) h b o6jiacTH peajiHCTHnecKHx SHaHenHii KOHCTanT 
CB5I3H (npeflCTaBjieHHoe b rjiaBe 6), nocKOJibKy 6ypjHR TexHHHecKH 6ojiee npo- 
CTbiM no3BOJi5ieT ycTanoBHTb ocHOBHbie KanecTBeHKbie CBoiicTBa MOflejiH. 
PemeT0HHa5i Mo^ejib co/],ep>KHT cjie^yiomHe nepeivieHHbie: 

1. PemeTOHHbie KajiH6poBOHHbie no Ji5i (onpeflejieHHbie na jiHHKax pemeTKn): 

r e SU{3), U e SU{2), e'^ e U{1). (4.1) 

2. CKajiJ^pHbiH fly6jieT ^"^^ o; = 1,2 (onpeflejienHbiii na ysjiax pemeTKn). 
^eiicTBHe HMeeT bh/i,: 

S = Sg^ Sh, (4.2) 

rfle Mbi o6o3HaHaeM nocpeflCTBOM 5*^ KajinSpoBOHHyK) nacTb fleficTBHH, a fleft- 
CTBHe p^jiii CKaji5ipHoro no J151 o6o3HaHeHO Sh- 
Mbi BbiGnpaeM Sh b BRj\e 

Sh = T. Wxye-^'^y^y - + E ^(l^xl), (4.3) 

xy X 

r^e V{r) - noTeHD;Haji, HMeiomHH MHHHMyM npn HenyjieBOM SHaneKHH r = \f^ij^. 

Anajior nenpepbiBHoro npeoGpasoBanHH (110.21) - pemeTOHHoe npeo6pa30Ba- 
HHe: 

r ^ re^^'^^/^)^, (4.4) 

Tj\Q N - npoH3BOJibHa5i ii,ejiOHHCJieHHa5i jiHHKOBaH nepeMennaH. Ona npe^CTaB- 
ji5ieT TpexMepnyio rnnepnoBepxHOCTb na flyajibHoft pemeTKe. 

J\ji^ HHCjieHHbix Hccjie/],OBaHHH MOflejiH c Zq CHMMeTpneH Mbi BbiGnpaeM cjie- 
flyiomee pemeTOHHoe fleftcTBiie: 

Sg = (5 Y: (2(l-iTr/7pCos^p) + 

plaquettes 
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+(1 - cos2^p) + 

+6(1 - iReTTTpTvUpexpiiep/S)) + 

+3(1 - iReTrrpexp(-2iV3)) + 

+3(1 - ^ReTiTpexpiUep/S))), (4.5) 

r^e cyMMa - no sjieivieHTapHbiM njiaxeTaivi pemeTKH. KajK^biii hjigh b (14.51 ) 
cooTBeTCTByeT onepaTopy napajiJiejibHoro nepenoca B^ojib rpaHHii,bi njiaxeTa 
B npeflCTaBjieHH5ix cooTBeTCTByioinHx (JiepMHonaM CTaH^apTHoii Mo^ejiH (cm. 
FjiaBy 10). O^QBupfihiM oGpasoM Bbipa>KeHHe (14.51 ) HHBapHaHTHO OTHOCHTejibHO 
pemeTOHHoii peajiH3ai],HH Zq - CHMMeTpHH. 

HaHBHO (14.51 ) HMeeT tot >Ke HenpepbiBHbift npe^eji, hto h cjie^yioinee flefi- 
CTBHe (npH cooTBGTCTByiomeM Bbi6ope KOHCTaHT l3^): 

S', = E {/3f(l-|Tr[/,) 

plaquettes 

+^^{1- COS Op) 

+/330(l-iReTrr,)}, (4.6) 

OflHaKO, (14.51 ) coxpaH5ieT CHMMeTpnio (14.41 ) b to BpeM5i, Kax (14.61 ) - hgt. 

OopMajibHO fleftcTBHe (l4.5l ) nojiynaeTCii h3 pemeTOHHoro fleiicTBHsi o6T.eflH- 
HeHHOH SU (5) MOflejiH npH npeHe6pe>KeHHH X h Y - 6o30HaMH (BiviecTe c A, Z h 
W cocTaBji5iK)inHMH Ha6op B036y>K/],eHHH SU{5) KajinSpoBOHHoro uojia). 9thm 

H 06yCJI0BJieH Bbl6op K034)4)HII,HeHTOB B (14.51 ). A HMGHHO, (14.51 ) B03HHKaeT, ecjiH 

Mbi BbiGepeM peniGTOHHoe /^eiicTBHe o6T.eflHHeHHOH SU (5) Mo^ejin b BH^e 
5 = E (1 - RexF(Vpiaq)) + E (1 - RexA(Vpiaq)), (4.7) 

plaq plaq 

Tflfi V G SU{5), a xf - xapaKTep (J^yH^aMeHTajibHoro npe/],CTaBjieHH5i, xa - 
xapaKTep aHTHCHMMeTpHHHoro npe/],CTaBjieHH5i (4)epMH0Hbi o6T.e/],HHeHHOH mo- 
flejiH pacnojio>KeHbi b sthx flByx npe/],CTaBjieHH5ix) . 

51cH0, HTO 3HaHeHHe yrjia BaHH6epra, nojiyneHHoe h3 fleiiCTBHH (14.51 ) 0Ka3bi- 
BaeTCH paBHbiM yrjiy BannGepra b SU{5) Mo^ejiH o6T.eflHHeHHH cos^ 6w = §• 
KpoMe Toro, h3 (14.51 ) cjie^yeT, hto 9jieKTpocjia6a5i h Li,BeTHa5i KOHCTanTbi cb5i- 
3H 6jih3kh flpyr k Apyry. fl,Ji5i Toro, htoGbi npoHCHHTb, KaK sto nojiynaeTCH, 
paccMOTpHM HaHBHbiH HenpepbiBHbift npe^eji (l4.5l ). Mbi nojiaraeivi 
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Sflecb a - fljiHHa pe6pa pemeTKH. Cjie^yeT OTivieTHTb, hto npn TaKOM onpe^e- 
jieHHH nojie = rp^e - o6menpHH5iToe b jiHTepaType o6o3HaHeHHe 
U{1) - noji5i. B HenpepbiBHOM npe^ejie ( 14.51 ) flOJi>KHO nepefiTH b 



^92 ^>J 



1 



1 



4 .[2xE^5] + ^Tr[2xE4]}' 

^yi i>j ^93 i>j 



(4.9) 



Sflecb Fij = d^Bj - djBi = 2{diBj - djBi) = 2F,^-, dj = diAj - djA, - 
^[74^,^4^], H Rij = diCj — djCi — i[Ci,Cj]. Mbi TaK>Ke HMeeivi cooTBGTCTBHe 
Me>Kfly njiaKeTHbiMH nepeMeHHbiMH h Hanp5i>KeHHOCT5iMH no Ji5i: 

1 
2 



x,ijL,iy 



cos NO 



[1 



(4.10) 



2 "'^^ 

Tenepb flji5i ycTanoBjieHHsi cooTBeTCTBH5i Me>Kfly KOHCTaHTaiviH HenpepbiBHoii 
TeopHH 5'i,2,3 H ;5 cjie^yeT noflCTaBHTb Bbipa>KeHHa Hanp5i>KeHH0CTeH nojia 
B (14.51 ) H cpaBHHTb c (14.91 ). HMeeM: 

1 1 



1 

7i 



x2/^, 



TaKHM o6pa30M, 



igew = — = 



92 

9l 
47r 

47r 



9^2 



3 
1 



^1 



2(3 



(4.ii: 



87r/3' 



a = — = ^ — = (4.12) 

47r 647r/3 ^ ^ 

HccjieflyeMaa naMH o6jiacTb 4)a30BOH flnarpaMMbi cooTBGTCTByeT SHaneHHsiM 

/3 ~ 0.7. TaKHM oGpasoM, mbi Hsy^aeM MO^ejib, b KOTopofi saTpaBOHHbie snaHe- 

HH5I KOHCTaHT CB513W. siu^Ow ~ 0.38; ~ q; ~ -g^. Hpn stom saTpaBOHHoe 

SHaHeHHG Maccbi Xnrrca GecKoneHHO. Hs - sa BbiHHCJiHTejibHbix cjiojKHOCTeii 

Mbi He HCCjie/],OBajiH snaHeHHe nepenopMnpoBaHHOH Maccbi Xnrrca b Hameii mo- 

flejiH. OflHaKO, fljia ee oi],eHKH mo>kho HcnojibsoBaTb pesyjibTaTbi npeflbi^yinHx 



61 



HCCJieflOBaHHH SU{2) MO^ejiH Xnrrca. A HMeHHO, SHaneHHe (5 ~ 0.7 b Hameii 
MOjiejin cooTBeTCTByiOT 3HaHeHH5iM (5 ~ 5.6 B SU{2) MOflejiH Xnrrca. MsBecTHO 
IdB], HTO npH A = oo,/5~2.3b stoh MO^ejiH M^j ~ 200 FsB b 4)H3HHecKH 
HHTepecHOH o6jiacTH b6jih3h 4)a30Boro nepexo^a ueyKpy 4)a30H Xiirrca h chm- 
MeTpHHHOH 4)a30H. B TO >Ke BpeMH, npH A = oo,/3 ~ 8 b toh >Ke oGjiacra 

Mff < 800 FsB [161 [E]- TaKHM 06pa30M, 06jiaCTb 3HaHeHHH KOHCTaHT CBJ53H, 

H3yHaeMa5i b Hameii pemeTOHHofi MO/],ejiH, pfljiwina cooTseTCTBOBaTb SHaneHHiiM 
Mtj Mempj 200 h 800 TsB. 

yKa3aHHbie 3HaHeHH5i cjie^yeT cpaBHHTb c SKcnepHMeHTajibHbiMH 
sin2^VF(100Gev) - 0.23; a,(100Gev) - j^; a(lOOGev) ^ jig. TaKHM o6- 
pasoM, Hccjie^ysi ^aHHyio MO^ejib, mm naxo^HMCH b hgkotopom OTflajieHHH 
OT peajiHCTHHecKOH o6jiacTH. TeM ne Menee, KaHecTBeHHoro HCCJieflOBa- 
HHH CBoiicTB pemeTOHHOH MOflejiH H3yHeHHe stoh o6jiacTH npeflCTaBjiaeTcsi 

npHGMJieMblM. 

OcHOBHasi oco6eHHOCTb fleiicTBHj^ ( 14.51) 3aKjiK)HaeTC5i b tom, hto b hcm cmg- 
maHbi ii,BeTHbie h 3jieKTpocjia6bie pemeTOHHbie noji5i, Tax hto He npe/],CTaBji5i- 
eTC5i B03M0>KHbiM CHMyjiHpoBaTb 3jieKTpocjia6yK) MOflejib B TaKOH peryji5ipH3a- 
i],HH, ecjiH He pa3birpbiBaK)TCJ5 oflHOBpeMenHO h SU{3) noji5i0. Ho stoh npHHHHe 
HaMH TaK>Ke paccMaTpHBaeTC5i Mo^ejib c flonojiHHTejibHOH Z2 CHMMeTpneft, b 

KOTOpyiO He BKJIK)HaK)TC5I SU (3) U0J151. 



^HcTOpHHeCKH OCHOBHblM MOTHBOM K HCCJieflOBaHHK) pemeTOHHOH MOflCJIH C flOnOJIHHTejIbHOH Zq CHMMeT- 

pHeii 6bijio npeflnojiojKeHne o tom, hto str MOflejib MOJKeT npHBecTH k pesyjitTaTaM, otjihhhbim ot pesyjibTa- 
TOB nojiyi^eHHbix c npHMeneHHCM o6iii;enpHHHTOH peryjiapHsai^HH CTaHflapTHOli Mo^ejiH, ne yBajKaiomeii Zq 
CHMMeTpHK). 3to npeflnojioJKeHHC Gbijio ocHOBano na anajiorHH c TeopHcft flHHaMiiHecKHx 4)epMHOHOB. Ha- 
BecTHO, HTO MO^ejib, peajiHsyiomaa pemeTOHHbiii BapnanT KHpajibHoii chmmbtphh OKasbiBaeTca cymecTBeHHO 
6jiH}Ke K onHcaHHK) HenpepbiBHOii (Jjhshkh, hbm Ta, KOTopaa ne peajiHsyeT STy chmmctphio. TaKHM o6pa30M, 
npeflCTaBjiHjio HHTepec cpaBHCHHe flByx peineTOHHbix MOflejieli: c Zq CHMMeTpnefi h 6e3 nee. B pesyjibTaTC na- 
niHx HCCjieflOBaHHii mbi bbihchhjih, hto o6e pemeTOHHbie MO^ejiH npHBO^T k oflHHM h tgm jKe peayjibTaiaM b 
4)H3H^ecKH HHTepecHoii o6jiacTH KOHCTaHT CBSSH. TaKHM o6pa30M, cpaBHenne o6eHx MOflejieit npeflCTaBjiacT 
jiHHib aKafleMHHecKHii HHTepec. OflnaKO, KaK 3to ^lacTO GbiBaei, HCCjie^OBaHHe mohohojich HaM6y, KOTopoe 
HSHanajibHO npeflCTaBjiJijiocb flOHOJiHHTejibHoii jiHHHefl: HCCJieflOBannH, npHBCjio k HOjiynenHio BasKHbix 4)h- 
SHHCCKHx pesyjibTaTOB, HSjiojKCHHbix B TjiaBax 5 H 6. TaKHM o6pa30M, o^HOBpeMCHHaa CHMyjia:n;HH n,BeTHbix h 
3jieKTpocjia6bix nojieii 0Ka3ajiacb apTe4)aKT0M HCxoflHoii MOTHBan,HH. EnpoHCM, 4)a30Bbie flnarpaMMbi flByx 
MOflejiefi 0Ka3biBaK)TCH pa3JiHHHbiMH b oGjiacTH Gojibhehx SHaHCHHit sjiexTpocjiaGoH KOHCTanTbi cbh3h, hphhcm 

HOBCflCHHe MOflCJIH, HMeromCH /],OHOJIHHTejIbHyK) CHMMCTpHK) oSnapy^KHBaCT BCCBMa HHTCpeCHbie CBOitCTBa. 

3th CBOitcTBa, KaK naM KajKCTca, MoryT OKa3aTbca: BajKHbiMH pjisi pasBHTHH tcxhhkh peineTO^^HOH Tcopnn 
KaK TaKOBOii. 
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4.0 
3.0 
!~ 2.0 
1.0 

"■^l.O 0.5 1.0 1.5 2.0 2.5 

P 

Phc. 4.1: OaaoBaa ^narpaMMa b hjiockocth (/3,7). 

4.2 Mo/],ejib 6e3 BKjiiOHeHHH S't/(3) nojiefi 
4.2.1 Onpe^ejiGHHe mo^gjih 

noTeHii,Haji CKaji5ipHoro uojisi mm paccMaTpHBaeivi b J1oh/],ohobckom npe^e- 
jie, TO ecTb B npe^ejie GecKoneHHOH saTpaBOHHoii Maccbi Xnrrca. Mbi BbiGnpaeM 
fleiicTBHe b BH/],e 

S = p Yl ((l-|Trt/pCos^p) + i(l-cos2^p)) + 

plaquettes 

+ E \Uxye''^'<Py - + Vm). (4.13) 

xy 

$ - nojie Xnrrca, a. V - 6ecK0HeHH0 rjiy6oKHH noTeHii,Haji, npHBOflsiinHii k Ba- 
KyyMHOMy cpeflHeiviy (|$|) = \fyj^- HaHBHbiii HenpepbiBHbiii npe^eji (14.131) 
^aeT SHaneHHe yrjia BaHH6epra 9w = tt/G, TaK>Ke HMeeM a = HsyHaeiviasi 
HaMH o6jiacTb KOHCTanT cbhsh cooTBeTCTByeT (3 ~ 2.0. TaKHM oGpasoM a ~ ^. 
SnaHeHHe nepeHopMHpoBaHHoii Maccbi Xnrrca b Hameft MO^ejiH mbi noflpo6HO 
He HccjieflOBajiH. O^HaKO, b Ka^ecTBe oi],eHKH p^jisi nee mo>kho HcnojibsoBaTb 
pesyjibTaT [18], r^e HsyHajiacb SU{2) MO^ejib Xnrrca. fl^Ji^i {3 ~ 2.3 b o6jia- 
CTH b6jih3h 4)a30Boro nepexofla Me>Kfly 4)a30H Xnrrca h CHMMeTpHHHoft 4)a30H, 
npeflCTaBjiHiomeH HaH6ojibmHH HHTepec, 3HaHeHHe Maccbi Xnrrca, nojiyHeHHoe 
B [IH] cocTaBjiaeT Mh ~ 2.bMw ~ 200 FsB. PeajiHCTHHecKaa o6jiacTb a ~ 3^ 
npH 3HaHeHH5ix Mh ~ 800, 300, 100 FsB h Mi^ ~ 150 FsB H3yHaeTC5i naMH b 
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rjiase 6. B yHHTapnoii KajiH6poBKe nojiynaeM: 

S = ^ H {{l-lTiUpCos0p) + l{l-cos20p) + 

plaquettcs 

+lEi^-MUiy^^))). (4.14) 

xy 

(3p,ech Mbi B KanecTBe yHHTapnoii KajiH6poBKH HCHOJibsoBajin $i = const ^ $2 = 
0, a He o6ni,eHpHH5iTbiH Bbi6op $2 = const, $1 = 0. ) 

Mbi TaK>Ke HccjieflyeM o5biHHyK) SU{2) x U{1) Mo^ejib c ;],eHCTBHeM 

Sg = ^ i: ((l-^Trt/p) + 3(l-cos^p)) + 

plaquettes 

+7E(l-^e(t/,>^^-)). (4.15) 

xy 

KOTopoe TaKJKe hphbo^ht k 9w = tt/G. 

CjieflyK)nj;He nepeMenHbie paccMaTpHBaiOTCii KaK po5Kflaionj;He KBanx U{1) 
nojiii, Z - 6030H, mW- 6o30h: 

A^y = = [-Arga;i + ^gmod27r, 

= =- sin [Argt/^i^ + ^^^J mod 27r, 
ly,, = ly,^ = Uiy^y. (4.16) 

3/],ecb, npeflCTaBji5ieT nanpaBjieHHe {xy). Ilocjie 4)HKcaLi,HH yHHTapnoii KajiH6- 
poBKH ocTaexcfl U{1) CHMMeTpnii: 

Uxy ^ UxyQy ■> 

Oxy exy + ay/2 -ax/2, (4.17) 

rfle = diag(e*"^/^, e~*"^/^). Ilojifl A, Z, vlW Hpeo6pa3yiOTC5i cjie;];yiom,HM 
o6pa30M: 

-^xy ^ -^xy ay -\- axi 
^xy ^ ^xy J 

Wxy -> WxyC-'^^. (4.18) 

CjieflyeT OTMexHTb, hto hojig A ne Mo:>KeT paccMaTpHBaTbCii KaK o6biHHoe 
9jieKTpoMarHHTHoe nojie, HOCKOJibKy Ha6op nepeMennbix A, Z,nW ne j^narona- 

jiH3yeT KHHeTHHecKyio nacTb /],eHCTBHH b ero HanBHOM HenpepbiBHOM npe/],ejie. 
B Hameii MO^ejin sjieKTpoMarHHTHoe nojie ^em aoji>kho 6biTb onpe^ejieno KaK 

Aem = A-Z' + 2 sin^ OwZ', (4.19) 
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-TO 1.5 

CO 

f 1.0 



0.5 



0.0 



.4 



J =0.6, (5 =2.3 

Y =2.0, p = 1.4 

Y =2.0, (5 =2.3 



PhC. 4.2: Vl(o) R Tr>ft"5f Tn^Kfi:^ nnwHa TTnft'>^rfl,TTTTT"5f TnftM nar^HMM rhar^fl.M MOflejIH. 



2.5 



0.5 



1 



^^^^ .-.^ 1- 



J 1 I 1 L 



* Y =0.6,(3 = 2.3 
o Y = 2.0, P = 1 .4 
□ Y = 2-0, P = 2.3 



1 2 3 4 5 6 7 

a 



Phc. 4.3: Vi?(a) b Tpex TOHKax, npHHafljieafaiii,Hx TpeM pasHbiM 4)a3aM MOflejiH. 



r;^e Z' = -[AigU^l + ^,y]mod27r. 

KaK H jiK)6aa ppyran KOMnaKTHaa KajinGpoBOHHaa Teopna, nama MO^ejib 

COflep>KHT MOHOnOJIH. 

Mbi HCCJieflyeM ^Ba BH^a MOHonojieii. U{1) MOHonojin, HSBjie^ennbie h3 26 
onpefleji5iioTC5i KaK 

= ^*d{[d2e]mod27r). (4.20) 

KpoMe Toro, mbi CTpouM mohohojih h3 nojiH A. B cjie^yiomeii rjiaBe Sy^eT 
noKasano, hto ohh MoryT paccMaTpHBaTBCii KaK KBanxoBBie MOHonojiH HaM6y. 

jA = ^*d{[d A]mod27r). (4.21) 

ZTT 
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Phc. 4.4: /leficTBHe S = (5)/(6/3L^) 



HjiOTHOCTb MOHonojieft onpeflejiHeTC5i Kax: 

P = ( ^""^^jf"' ) , (4.22) 

rpfi L - pasMep pemeTKH. fl,Ji5i Toro, HTo6bi BbMBHTb flHHaMHKy BHeniHHx sa- 
p5i>KeHHbix HacTHi],, Mbi paccMaTpHBaeM HeTjiH BHjibcoHa b npe^CTaBjieHHsix 
jieBonoji5ipH30BaHHbix H npaBonoji5ipH30BaHHbix jienTOHOB: 

= (Ren(,,),,e-2^^-). (4.23) 

Sflecb / o6o3HaHaeT saiviKHyTbiH KOHTyp na pemeTKe. Mbi paccMaTpHBaeM cjie^y- 
lomne BejiHHHHbi, nocTpoeHHbie h3 npsiMoyrojibHbix nexejib BajibcoHa pasMepa 
a X a: 

VR,L{a) = -log>V^'^(a X a) /a. (4.24) 

JlHHeftHoe noBefleHHG V(a) osHaHajio 6bi cymecTBOBaHHe CTpynbi c HenyjieBbiM 
HaTHJKeHHeM uempj cooTBeTCTByiomHMH sap^flaMH. 

4.2.2 MHCJieHHbie peayjibxaTbi 

B HaniHx HCCJieflOBaHHHx mm HcnojibsyeM pemeTKH j^jisi L = 6, L = 12, 

H L = 16 C CHMMeTpHHHblMH rpaHHHHblMH yCJIOBHHMH. HH>Ke npeflCTaBjieHbi 

pesyjibTaTbi HccjieflOBaHH5i Mo^ejiH c fleftcTBHeM (14.131 ). 
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2.5 



Phc. 4.5: HjioTHOCTb sjieKxpoMarHHTHbix MOHonojieii. yMeHbinaexca b (^ase Xnrrca. 



KaHecTBeHHO noBe^eHHe Z2 CHMMeTpHHHoft Mo^ejiH onHCbmaeTCH 4)a30BOH 
flHarpaMMOH npeflCTaBjieHHoft Ha pnc. I4.1[ Mo^ejib coflep>KHT Tpn (J^asbi. Hep- 
Baa (I) - 4)a3a " KOHcj^aHHlVieHTa B KOTOpOfi flHHaMHKa BHeniHHX 3ap5I>KeHHbIX 

HacTHu, nofloGna KX^ c /],HHaMHHecKHM 4)epMH0HaMH. Cjiobo KOHcj^aHHivieHT 
Mbi sflecb saKjiiOHaeM b KaBbiHKH, nocKOJibKy CTpyna mewipj sapsi^aMH pBeTca 

Ha HeKOTOpOM paCCTOHHHH H KOHcjDaHHMGHTa KaK TaKOBOrO He B03HHKaeT. Bo 

BTopoii (|)a3e (II) tojibko HOBeflCHHe jieBOHOJi5ipH30BaHHbix HacTHH, o6Hapy>KH- 
BaeT najiHHHe CTpynbi c HenyjieBbiM HaTH>KeHHeM MejK^y sapHflaiviH. nocjie/],HH5i 
(J^asa (III) - 3T0 4)a3a Xnrrca, b KOTopoft CTpyna ne BOSHHKaeT BOBce. 

yKaaaHHbie CBoftcTBa pasjiHHHbix c^as npoHjijiiocTpHpoBaHbi pnc. I4.2I h pnc. 
4.3i rfle npe^CTaBjieHbi Vi(a) 11 Vi?(a) p^jisi Tpex THnHHHbix TO^eK (jDasoBoii /],Ha- 



rpaMMbi, npHHafljie>KainHx yKasannbiM TpeM 4)a3aM. 5Icho, hto b (Jiase Xnrrca 
4)opMa V(a) HCKjiKDHaeT BOSHHKHOBenHe yflep>KHBaK)inero noTeHii,Hajia. To me 
uoBep^ewe o6Hapy>KeHO b 4)a3e II flji5i Vji{a). C flpyroii CTopoHbi, b (Jiase II 
4)opMa VL{a) CHrnajiHSHpyeT HajiHHHe jiHHeftHoro noTeHi];Hajia flji5i flocTaTOHHO 

MajIblX paCCT05IHHH [piD pemeTOHHblX eflHHHII,). 0/],HaKO, KaK H fl^Jlil KX^ 

c flHHaMHHecKHMH (JiepMHOHaMH, HjiH SU{2) MOflejiH Xnrrca [TSl Elj, 3th pe- 
syjibTaTbi He osHa^aroT HajiHHHe K0H4)aHHMeHTa. CTpyna iviejK^y sapa^aMH mo- 

>KeT 6bITb paSOpBana BHpTyajIbHblMH 3ap5I>KeHHbIMH CKajI5ipHbIMH HaCTHI],aMH. 



67 



Phc. 4.6: HjioTHOCTb U{1) - MOHonojiefi. Ona yMeHbinaexca, Kor^a noBe^eHne npaBbix BHem- 
HHX HacTHii; He nposBjiaex y^epacHBaromnx chji. 



TaKHM o6pa30M, V(a) MO>KeT ocTaBaTbca jiHHeftHbiM tojibko na iviajibix paccTO- 
5IHH5IX, B TO BpeM5i, KaK HaHHHasi c HeKOTopbix paccTOHHHH OH nepecTacT pacTH, 
yKasbiBasi na paspbiB CTpyHbi. K co>KajieHHio, TOHHOCTb HaniHx HSMepenHii He 
no3BOJi5ieT HaM Ha6jiK)flaTb 3to siBjienne b p^eTaji^ix. OflnaKO, oho HjijiiocTpHpy- 
CTCii 4)opMOH Vi(a) H Vi?(a) b 4)a3e I, noKasannbix na pnc. 14.21 h pnc. 14.31 

OasoBasi CTpyKTypa MO^ejiH npoHBji5ieTC5i TaK>Ke b noBe/],eHHH cpe^Hero flefi- 
CTBH5I S = {S) / (6/3L'^), npeflCTaBjieHHoro na pnc. 14. 4[ Oho OKasbmaeTCsi neo/i,- 
HopoflHbiM B HeKOTopoH OKpecTHOCTH jiHHHH (JiasoBoro nepexofla. 

Cbhsb MeTKflj CBoiicTBaMH MOHonojiefi h 4)a30BOH CTpyKTypoii HjijiiocTpHpy- 
QTCii pHC. I4.5I h [^^ KOTopbie noKasbiBaiOT njiOTHOCTb MOHonojieii KaK 4)yHKii,HK) 
KOHCTaHT CB5I3H. HjiOTHOCTb MOHOHOJieH HaiviGy yMeHbmaeTC5i npn /^bhjkghhh 
OT 4)a30BOH JIHHHH H Ha^aeT flo Hyji5i B 4)a3e Xnrrca, b to BpeM5i, KaK hjiot- 
HOCTb MOHOHOJieH (rHHepsapHflOBbix MOHOHOJien) Ha^aeT ^o nyjisi b 4)a3ax 

II H III. Mbl BH/],HM, HTO HOBe;],eHHe U {1) MOHOHOJien CBHSanO C flHHaMHKOft 

HpaBbix HacTHH,, a HOBe^enne MonoHOJieii HaM6y CBHsano c /],HHaMHKOH jicbbix 

JieHTOHOB. 

CjieflyeT OTMeTHTb, hto SU{2) MO^ejib Xnrrca HMeeT cxoflnyio 4)a30Byio 
CTpyKTypy 3a HCKjuoneHHeivi 0TcyTCTBii5i b hgh jihhhh 4)a30Boro nepexo^a, pa3- 
/],eji5iioui,ero 4)a3bi I h II. Il3BecTH0, hto b stoh mo^gjih ^Be (|)a3bi b fleftcTBH- 
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Phc. 4.7: Hjiothocth rnnepsapa^^OBbix MOHonojiefi h HaM6y MOHonojieii (H3BjieHeHHt>ix h3 
Z') KaK (|)yHKn,HH /3 ^jia 7 = 1.5 ^jia oGenx Mo^ejieii. 

TejIbHOCTH He 5IBJI5IK)TC5I paSHblMH. J1hHH5I 4)a30BOrO UepeXOJia 3aKaHHHBaeTC5T 

B HeKOTopoH TOHKG H flajiee npoflOJi>KaeTC5i KaK KpoccoBep. Mo>kho 6bijio 6bi 
o>KHflaTb, HTO JIHHH5I (JiasoBoro nepexo;],a b Hameft Mo^ejiH TaK>Ke 5iBji5ieTC5i 
jiHHHeii KpoccoBepa. O^HaKO, mbi hg HCCJie/],OBajiH stot Bonpoc ^eTajibHO. 
B HameH MO^ejiH jihhhh 4)a30Boro nepexo^a coe/],HH5iK)TC5i b tpohhoh toh- 

Ke, 4)OpMHpy5I 06myK) JIHHHK). OHeBH^HO, 3T0 eCTb CJieflCTBHe flOnOJIHHTejIbHOH 
Z2 CHMMeTpHH, CB5I3bIBaK)meH SU{2) H U {1) B036y>KfleHHH. TaKa5i KapTHHa, 

pa3yMeeTCJ5, ne B03HHKaeT b Mop^ejiu c fleficTBHeM ( 14.151 ) (cm. TaK>Ke [3]). 

CjieflyeT TaK>Ke OTMeTHTb, hto 4)a30Ba5i flnarpaMMa Hameft Mop^ejin mo^kct 
co/],ep>KaTb He4)H3HHecKyK) o6jiacTb, cooTBeTCTByiomyK) He4)H3HHecKoft o6jia- 
CTH HHCToft SU{2) MOflCJiH (KOTopasi Ha6jiK)/],aeTC5i npH (3 < /3c, r/],e /3c - TOHKa 
KpoccoBepa). Hame HCCjie^OBaHHe noKa3biBaeT, hto gcjih STa oGjiacTb 3HaHeHHft 
KOHCTaHT CB5I3H H cymecTByeT, TO OHa /],oji>KHa 6biTb flajiGKO OT 4)a3bi Xnrrca, 
npe/],CTaBji5iK)meft nac ochobhoh HHTepec. B ^eftcTBHTejibHOCTH, STa 06- 
jiacTb MO>KeT no5iBHTbC5i npH /3 < 2.25 h 7 < 0.5. 

Pa3JiHHHe MejKfly MO^ejisiMH c ^eftcTBHeivi ( 14.151) h ( 14.131 ) HjijiiocTpHpyeTCH 

nOBe^eHHeM hjiothocth MOHOHOJieft, BblHHCJieHHOft B o6eHx Mop,eji5ix H Hpefl- 
CTaBJIGHHOH Ha pHC. 14.7 , 
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2.0 



1.5 - 



Phase I 



Phase III 



^- 1.0 - 




0.5 - 



Phase II 



0.0 




Phc. 4.8: OasoBaa ;i,HarpaMMa Moj^ejin b njiocKocxH (/3,7). 



4.3 Mo/],ejit. c BKjiiOHeHHeM SU{3) nepeMennbix 
4.3.1 Hccjie^yeMaa Mo^ejib h BbiHHCJiaeMbie BejiHHHHbi 

Mbi paccMaTpHBaeM Mo^ejib c fleftcTBHeM p^jisi KajiH6poBOHHoro noji^^ (14.51) . Ho- 
TeHi],Haji CKajiapHoro uojisi pacciviaTpHBaeTCsi b ero npocTGHineM BRj\e b 
JIoHflOHOBCKOM npe^ejie. Hocjie 4)HKcai],HH yHHTapHoft KajinGpoBKH HMeeM: 



TaK >Ke KaK h p^ji^i MO^ejiH 6e3 ii,BeTHbix nojieii mbi CTpoHM BejiHHHHbi, cooTBeT- 
CTByiomHe U0J151M nojiK) Z - 6o30Ha h nojiio W - 6o30Ha: 



3flecb fi npeflCTaBji5ieT HanpaBjienne {xy). 

JJ^jin Toro, HTo6bi HSBjieKaTb Heo6xoflHMyK) HH4)opMai],HK) H3 SU (3) nojieft 
Mbi Hcnojib3yeM TaK Ha3biBaeMyK) HenpsiMyio MaKCHMajibHyio L^eHTpajibHyio 




(4.25) 



xy 




(4.26) 
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npoeKD;Hio (cm. rjiasy 1). 

MaKCHMajibHaa U^eHTpajibHaa npoeKii,H5i ^ejiaeT jiHHKOBbie MaTpHi],bi F bo3- 
MO>KHO 6ojiee 6jih3khmh k sjieivieHTaM ii,eHTpa rpynnbi SU{3): Z3 = 
{diag(e(2W3)A^^g(27rz/3)Ar^g(27rV3)iV|^ ^ ^ {1,0,-1}. 3Ta ^po^eflypa pa6o- 

TacT cjieflyioinHM o6pa30M. 

HpejKfle Bcero, MaKCHMHSHpyeM (J)yHKD;HOHaji 

Qi= E drill + |r22| + |r33|) (4.27) 

links 

no OTHomeHHK) k Kajin6poBOHHbiM npeo6pa30BaHH5iM Txy glTxyQy, cJ^nKcupyii 
MaKCHMajibHyio A6ejieBy npoeKLi;iiio. 

^ajiee, ;];ejiaeM nojiynenHbie jiHHKOBbie MaTpimbi bosmojkho 6ojiee 6jih3khmh 
K D;eHTpy SU{3), p^ejiSiR 4)a3bi ^HaronajibHbix sjieMenTOB MaKCHMajibHO 6jih3- 
KHMH Apyr K Apyry. 3to ;],0CTHraeTC5i MHHHMH3ai],HeH 4)yHKi],H0Hajia 

Q2 = E{[l-cos(Arg(rn)-Arg(r22))] + [l-cos(Arg(rn)-Arg(r33))] 

links 

+ [1 - cos(Arg(r22) - Arg(r33))]}. (4.28) 

no OTnomennio k Kajin6poBonnbiM npeo6pa30Bann5iM. 3to KajinGpoBonnoe 
ycjiOBne nnBapnanTHO OTnocHTejibno n,eHTpajibHOH noflrpynnbi rpynnbi 
SU{3). 

B nameii MO^ejin SU(3) nojiH CB5i3aHbi c U{1) n SU(2) nojiiiMH nocpefl- 
CTBOM u;eHTpa KajiH6poBOHHOH rpynnbi. HosTOMy bmccto n;eHTpajibHbix bhx- 
peii H n;enTpajibnbix Mononojien mm onpe;];eji5ieM pa3JiHnHbie Tnnbi Mononojien. 

Onpeflejienne sthx nojien BKjiiOHaeT cjie^yiomee u,ejiOHHCJieHHoe nojie N (onpe- 
^ejiennoe nocjie 4)HKcan,Hn MaKcnMajibnon IJ,enTpajibHOH KajinSpoBKn) : 

Nxy = : (Arg(rn)+Arg(r22) + Arg(r33))/3e]-7r/3,7r/3], 
Nxy = l : (Arg(rn) + Arg(r22) + Arg(r33))/3 G ]7r/3, tt], 
A^,, = -1 : (Arg(rn) + Arg(r22) + Arg(r33))/3 G ] - tt, -7r/3]. (4.29) 

flpyrHMH cjiOBaMH, = ecjin F 6jiH3Ka k 1, A = 1 ecjin F 6jiH3Ka 
A" = — 1 ecjiH F 6jiH3Ka k e~^^*/^. 

/],ajiee, mm onpe^ejiiieM cjieflyiOLLi;He jinnKOBbie nojiH 



= 

xy 



2tt 1 
—Nxy + kigUll + l^-y 
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mod27r, 



.TO 



0.8 
0.7 
0.6 
0.5 



^ 0.4 



0.3 



0.2 
0.1 
0.0 



G G left-handed quarks y= 0.5 

* * left-handed quarks y= 1.5 

A A left-handed leptons y = 0.5 

□ □ left-handed leptons y= 1.5 

l> E> right-handed leptons y= 0.5 

V ■ ■ ■ V right-handed leptons y=1.5 








Phc. 4.9: VL(a) Bt.iHHCjieHHt>m npH /3 = 0.7. SflfiCh noTeHii;Hajit.i HSBjieKaioTCH h3 
^quarks (•'^^Bt.ie KBapKH), Wj^p^ (jieBbie jienTOHBi), H Wj^pt (npaBbie jienxoHBi). 



2 ^^xy ^xy 
— N 

~^J-^xy + '^"xy 



mod 27r, 
mod 27r. 



(4.30) 



3th noji5i cooTBeTCTByiOT nocjieflHHM TpeM Hjienaivi b ( 14 .SI ). Hx nocTpoeHHe 
cjie^yeT h3 npeflCTaBjienHH F KaK npoHSBe^eHHH exp((27r^/3)A/^) h r^e V - 
3T0 5't/(3)/Z3 nepeMeHHaa (Arg(yii) + Arg(y22) + Arg(y33))/3 G ] - 7r/3, 7r/3]. 
TaKHM o6pa30M, F = exp((27rz/3)A'^)y. Mbi o>KH/i,aeM, hto ( 14.51 ) no;],aBji5ieT 
^piaq H Cpig^q, i = 1,2,3 B TO BpeMH, KaK HOJiH A^, |, H [/n (6y/i,yHH paccMaT- 
pHBaeMbie nesaBHCHMO Apyr ot /i,pyra), KaK o>KH/],aeTC5i, Heynop5i/i,OHeHbi. 3to 
o>KH/i,aHHe no/i,TBep>K/],aeTC5i pesyjibTaTaiviH BbiHHCJieHHii. 

Mbi HCCJieflyeM nsiTb thhob MOHonojieii. Mohohojih, Hecymne HH4)opMai];HK) 

O Il,BeTHbIX nOJI5IX, H3BJieKaK)TC5I H3 C*: 



3c^ = ^*d([(iCVod27r). 



(4.3i; 



HncTbie U{1) mohohojih, cooTBeTCTByroinne BTopoMy Hjieny b ( 14.51) . HSBjie- 
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KaiOTCH W3 29: 



MoHonojiH HaM6y: 



J2e = ^*rf([rf2^]mod27r] 

ZTT 

jA = d{[d A]mod27c) 



(4.32) 



(4.33) 



(B cjie/],yK)meH rjiaee sth oGi^eKTbi paccMaTpHBaK)TC5i 6ojiee noflpo6HO. IlpHHeM 
ycTaHaBjiHBaeTCH hx cooTBeTCTBHe c KjiaccHnecKHMH MOHonojiHMH HaiviGy.) 
HjiOTHOCTb MOHonojieft onpe^ejisieTCH Kax: 

P = ( ^'"^jf""' ) , (4.34) 



rfle L - pasMep pemeTKH. HtoSbi noHHTb flHHaiviHKy BHeniHHx 3ap5i>KeHHbix 
HacTHi],, Mbi paccMaTpHBaeM neTjiH BHjibcoHa, onpeflejiennbie b 4)epMH0HHbix 
npe/],CTaBjieHH5ix KBapKOB h jienTOHOs: 



>Vi^pt( 

"^^quarks ^ 
^^down quarks ^ 
"^^up quarks ^ 



= (Ren(^y)g^ r^;^ e 
= (Ren(2.y)£^ Fxy e 



xy 



2in . 

3 "xy \ 

4i /) . 
3 '^3:y \ 



(4.35) 



3flecb / o6o3HaHaeT saiviKHyTbiH KOHTyp na pemeTKe. Mbi paccMaTpHBaeM cjie^y- 
lomyK) BejiHHHHy, HSBjieKaeMyio h3 npHMoyrojibHbix nexejib EnjibcoHa pasMepa 
a xt: 

W{a X t) 



V(a) = lim log , , ^ , , , 
^ ^ t^^ ^ W(a X (t + 1)) 



(4.36) 



JlHHeftHoe noBefleHHe V(a) yKasbiBajio 6bi na cymecTBOBaHHe CTpynbi c Heny- 
jieBbiM HaT5i>KeHHeM MeyKflj 3ap5i/],aMH. 

4.3.2 MHCJiGHHbie pesyjibxaTbi 

B HaniHx HCCJieflOBaHHHx mbi HcnojibsyeM pemeTKH npn L = 6, L=12,h 

L = 16 C CHMMeTpHHHblMH rpaHHHHblMH yCJI0BH5IMH. 

OasoBaa flHarpaMMa npeflCTaBjiena na pnc. 14. 8[ Mo^ejib coflep>KHT Tpn 
4)a3bi. riepBasi (I) - 3to 4)a3a, b KOTopoft flHHaiviHKa BHeniHHx jienTOHOB onpe- 
p,eji5ieTC5i "yflep>KHBaK)iii,HMH"cHJiaMH, T.e. anajiorKHHO noBefleHHio sapa^OB b 
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0.5 




Phc. 4.10: HjioTHOCTb MOHonojiefl (nocTpoeHHbix h3 jihhkobmx nojiefi A, 26, h C^) othoch- 
TejibHo /3 npH 7 = 0.5. 



KX^ c flHHaMHHecKHMH (J)epMHOHaMH. Bo BTopoii (\)Q3e (II) noBe^eHHe jieBbix 
jienTOHOB onpe/],eji5ieTC5i "y/],ep>KHBaioinHMH"cHjiaMH, b to BpeM5i, KaK noBe^e- 
HHe npaBbix jienTOHOB - hgt. Ylocjiep^niiii 4)a3a (III) - (Jiasa Xnrrca, b KOTopoii 
HeT "yflep>KHBaK)inHx"cHji. Bo Bcex Tpex 4)a3ax HivieeT MecTO K0H4)aHHMeHT 

KBapKOB. 

3to HjijiK)CTpHpyeTC5i pHC. 14.91 r^e noKasan V(a) HSBjieHeHHbift h3 nexejib 
BajibcoHa pnc. (14.351) flbyx THnnnecKHx tohgk, npHHafljie>KamHx 4)a3e II 
(7 = 0.5) H III (7 = 1.5) MOflejiH (noBe^eHHe Bcex noTeHij,HajiOB b c^ase I 
- "y^epjKHBaiomee"). Mbi npe/],CTaBji5ieM s^ecb noTeHii,Haji TOJibKO p^ji^i OflHoii 
i],BeTHOH neTjiH BajibcoHa, a HMeHHO, VVq^^rks' nocKOJibKy HaT5i>KeHHe CTpy- 
Hbi, HSBjieneHHoe h3 flpyrnx flByx noTeHn,HajiOB coBna^aeT c HaT5i>KeHHeM CTpy- 
Hbi, HSBjieneHHoro h3 noTeHii,Hajia, npeflCTaBjieHHoro na pnc. PasyMeeTCsi, Tax 

H flOJI>KHO 6bITb - HaT5I»:eHHe CTpyHbl flJIH BCeX THHOB KBapKOB pfiJiyKRO 6bITb 
OflHHaKOBblM. 

YlpuMen^iii jiHHeftHbiH 4)ht k jienTOHHOMy noTeHii,Hajiy npn a > 5 mm naxo- 
flHM, HTO TOJibKO B cjiy^ae jieBbix JienTOHOB SHaneHHe HaT5i>KeHH5i CTpyHbi MHoro 
6ojibme, Heu CTaTHCTHHecKaa ouirGko. b (Jiase II. flji5i JieBbix jienTOHOB b 4)a3e 
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Xnrrca h npaBbix jienTOHOB b o6eHx 4)a3ax, Hara^KeHHe CTpyHbi - hojib b npe- 
flejiax CTaTHCTHHecKHx omH6oK. KaK h b KX^ c flHnaMHHecKHMH 4)epMH0HaMH 
HjiH B SU{2) MOflejiH Xnrrca [IHl E^, HaniH pesyjibTaTbi He osHa^aiOT najiuHw 
KOHcjDaiiHMeHTa jieBbix jienTOHOB b 4)a3e II. CTpyna Mewipy hhmh /],oji>KHa paso- 

pBaTbC5I H3 - 3a HajIHHH5I BIipTyajIbHblX 3apH>KeHbIX CKajI5ipHbIX HaCTHII,. V(a) 
MO>KeT 6bITb JIHHeilHblM TOJIbKO Ha flOCTaTOHHO MajIblX paCCT05IHH5IX. K co>Ka- 
JieHHK), BblHHCJIHTejIbHbie B03M05KHOCTH He H03BOJI5nOT HaM Ha6jII0flaTb pa3pbiB 

CTpyHbi. 

CB5I3b MeTKfly CBOHCTBaMH MOHOHOJieH H 4)a30BOH CTpyKTypOH MOflejIH HJIJIIO- 
CTpHpyeTC5I pHC. 14.101 KOTOpblH H0Ka3bIBaeT HJIOTHOCTb MOHOHOJieft KaK 4)yHK- 

H,HK) (3 flji5i 7 = 0.5. CnoBa mbi HpeflCTaBjiaeM 3/],ecb TOJibKO o^hh thh moho- 

HOJieii, KOTOpblH HMeeT H,BeTHOe HpOHCXO^K^eHHe. A HMeHHO, paccMaTpHBaeTC5i 

jci- {HoBejieniie ocTajibHbix anajiornHHO.) Bh^ho, hto HjiOTHOCTb 29 - mohoho- 
jieii TaK >Ke, KaK h - MOHOHOJieii GbicTpo uap^aeT b c^ose II, b to Bpeivisi, KaK 
HJIOTHOCTb MOHOHOJieii HaM6y - hct. 

CorjiacHO HamiiM BbiHHCJieHH5iM HjiOTHOCTb MOHOHOJieii HaM6y na^acT b 4)a- 

3e III. L^BCTHbie MOHOHOJIH R 26 - MOHOHOJIH TaK >Ke 6bICTpO 3aHyjI5HOTC5I B 

(|)a3e III. TaKHM o6pa30M, ii,BeTHbie mohohojih nyBCTByiOT 4)a30Bbiii nepexo/i,, 
KOTopbiii corjiacHO nameii HHTyHii,HH cooTBCTCTBycT U{1) HepcMennbiM. 3to 

HpOHCXOflHT H3-3a Zq CHMMCTpHH, CB5I3bIBaiOIII,eii U {1) HcpeMeHHbie C II,eHTpOM 

rpyHHbi SU (3). 

B nameii mo^cjih o6a 4)a30Bbix nepexo^a BCTpenaiOTCsi b Tpoiinoii tohkc, 
4)opMHpy5i o6m,yio jihhhio. 3to, ohcbh^ho, TaK>Ke ecTb cjie^CTBHe Zq chmmct- 
pHH. Pa3yMeeTC5i, HHHcro HOflo6Horo ne Ha6jHOflaeTC5i b oGbiHHoii pemcTOHHoii 
SU{3) SU{2) (g) U{1) MOflCJiH c XnrrcoM: SU{2) U{1) nacTb HCCJiCflOBana, 
nanpHMcp, b [3]. Hto KacacTCH SU (3) Teopnn, ona ne hmcct 4)a30Boro nepexo^a 
BOo6iii,e KOHCHHbix (5 HpH HyjiCBoii TCMHepaType. 



4.4 ny6jiHKaLi;HH 

Pe3yjibTaTbi HacT05mi,eii rjiaBbi onySjiHKOBaHbi b pa6oTax: 

"A hidden symmetry in the Standard Model By B.L.G. Bakker, A.I. Veselov, 



M.A. Zubkov. Phys. Lett. B583:379-382, 2004, piep-lat/0301011| 
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"An Additional symmetry in the Weinberg - Salam model B.L.G. Bakker, A.I. 
Veselov, M.A. Zubkov, Yad.Fiz. 68:1045-1053, 2005, Pliys.Atom.Nucl.68: 1007- 
1015,2005, |liep-lat/0402004| 

"Standard model with the additional Z(6) symmetry on the lattice B.L.G. 
Bakker, A.I. Veselov, M.A. Zubkov, Phys.Lett.B620: 156-163,2005, 
|hep-lat/0502006] 
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FjiaBa 5 

MoHonojiH HaM6y npn kohghhoh 
TGMnepaType 

B HacTOHineft rjiase mm HSJiaraeM pesyjibTaTbi Hamero HCCJieflOBaHHH noBefleHHH 
MoHonojieii HaM6y npn KOHeHHoii TeivraepaType. HoKasaHO, hto 3jieKTpocjia- 
6bm 4)a30BbiH nepexofl (KpoccoBep) conpoBO>KflaeTC5i KOHfleHcai^Heft MoHono- 
jieii HaM6y. Ha bosmo^khoctb B03HHKHOBeHH5i 3Toro 5iBjieHH5i 6bijio yKasano M. 
MepHOflyGoM b [22]. O^HaKO, BnepBbie /],0Ka3aTejibCTB0 cymecTBOBanHH SToro 
HHTepecHoro HBjieHHH 6bijio flano b pa6oTax aBTopa nacTosimeH /],HccepTaii,HH h 
ero coaBTopoB, pesyjibTaTbi KOTopbix HSJiaraiOTra HH>Ke. 

B npeflbiflymefi rjiabe HaiviH 6bijio flano onncaHHe pemeTOHHOH /],HCKpeTH3a- 
ii,HH KajinSpoBOHHoro h XHrrcoBCKoro ceKTopoB CTaH/],apTHOH Mo^ejiH. TaK- 
>Ke 6bijio flano o6inee onncaHHe 4)a30BOH CTpyKTypbi pemeTOHHoii MO^ejiH npn 
HyjieBOH TeivraepaType (b (|)opMyjiHpoBKe, yHHTbmaioineH Zq CHMMeTpnio CTan- 
flapTHOH Moflejin), ocHOBaHHoe na pesyjibTaTax HHCJiennbix HCCJieflOBaHHft mo- 
flejiH npH a ~ 1/50, ag ~ 1/20. B 4)H3HHecKOH o6jiacTH a ~ 1/100 sjieKTpocjia- 

60H KOHCTaHTbl CB5I3H peraeTOHHaSI MOflejIb C flOnOJIHHTejIbHOH flHCKpeTHOii CHM- 

MeTpneH npHBO^HT k Teivi >Ke peayjibTaTaM, hto h peraeTOHHasi MO^ejib 6e3 3toh 
CHMMeTpHH. B HacT05imeH rjiabe fljiH KanecTBeHHoro HccjieflOBaHH5i cbohctb mo- 
Honojiefi HaM6y npn KonenHbix TeivraepaTypax mm HcnojibsyeM peraeTOHHyio 
flHCKpeTH3ai],HK) c Zq CHMMeTpHeH. CHMyjiHi],H5i 3T0H peraeTOHHOH MOflejiH Heo6- 
xo/];hmo BKjiiOHaeT pasbirpbiBaHHe KaK 9jieKTpocjia6bix, Tax h ii,BeTHbix nojieii. 
CaMa peraeTOHHasi MO^ejib HMeeT psifl oco6eHHOCTeH, 3acjiy>KHBaK)inHx HsyHe- 
HHe caMHx no ce6e. Hpn stom naMH ne CTaBHTC5i sa^ana nojiyneHHsi tohhmx 
KOJiHHecTBeHHMx xapaKTepHCTHK HsynaeMMx 5iBjieHHH. Haraeft i^ejibio 5ibji5i- 
CTCii BbMBjieHHe 061HHX saKOHOMepHOCTeii. Ckopoctb BbraojiHeHHH HHCJiennbix 
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CHMyjI5III,HH CymeCTBGHHO SaBHCHT OT 3HaHeHHH 3JieKTpOCJia6oH KOHCTaHTbl CB5I- 
3H. HpH 3T0M B peajIHCTHHeCKOH o6jiaCTH MajIblX 3HaHeHHH nOCT05IHHOH TOHKOii 

CTpyKTypbi a ~ 1/128 CHMyji5iLi,HH cymecTBeHHO ycjio>KHeHbi. Ho stoh npHHHHe 

Mbl RCCJiepyeM 06jiaCTb SHaHGHHH KOHCTaHT CB5I3H, COOTBeTCTByiOmyiO 3HaHeHH- 

51M a ~ 1/50, as ~ 1/20. SnaHeHHe yrjia BaHnGepra b Hamen MO^ejiH coot- 
BeTCTByeT sin^^^ ~ 0.38, a 3HaHeHHe Maccbi Xnrrca 200 FsB < Mu < 800 
FsB (cm. npeflbiflymyio rjiaby). fl^Ji^i RsyHenw cbohctb MOHonojieft HaM6y npn 
KoneHHOH TeMnepaType Hcnojib30BaHHe stoh o6jiacTH npe^CTaBjisieTra HaM ^o- 
CTaTOHHbiM. B cjieflyKDmeii rjiabe 6ypyT npe/],CTaBjieHbi pe3yjibTaTbi CHMyji5iii,HH 
MOflejiH npH HyjieBOH TeMnepaType h npn 3HaHeHH5ix a ~ 1/150. 

Mbi HaxoflHM pHfl oco6eHHOCTeH ^asoBOR ^HarpaMMbi paccMaTpHBaeMoft mo- 
p^ejiR. B nacTHOCTH, 4)a30BbiH nepexofl KOHcjDaiiHMeHT - /],eK0H4)aHHMeHT p^jisi 
nojieii SU (2) ii SU (3) coBna^aeT. (CTporo roBopa, b 4)a3e KOHcj^anHMeHTa hct 
K0H4)aHHMaHTa jienTOHOB, ho o6Hapy>KHBaK)TC5i yflep>KHBaK)inHe chjibi Me>Kfly 
HHMH. HpH 3T0M CTpyHa pBeTC5i Ha HeKOTopbix paccT05iHH5ix 6jiaroflap5i najiH- 
HHK) BHpTyajibHbix CKaji5ipHbix 3ap5i>KeHHbix HacTHii,.) JIhhh5i 4)a30Boro nepe- 
xofla MeTKpy 4)a30H Xnrrca h CHMMeTpHHHOH 4)a30H fleK0H4)aHHMeHTa BCTpena- 
eTC5i c jiHHHeii 4)a30Boro nepexo^a KOH(|)aHHMeHT - /],eK0H4)aHHMeHT, 4)opMHpy5i 
TpoHHyK) TOHKy. Hepexofl Me>Kfly 4)a30H Xnrrca h CHMMeTpHHHOH 4)a30H co- 
OTBeTCTByeT KOHe^HOTeMnepaTypHOMy 3jieKTpocjia6oMy 4)a30BOMy nepexo^y. 

Mbl BHflHM, HTO MOHOnOJIH HaM6y CKOH/],eHCHpOBaHbI npH r > Tc B TO BpeMH, 

KaK npH r < Tc Hx KOHfleHcaT 3aHyji5ieTCH. 

HpH flocTynHbix p^jiii coBpeMeHHbix HCCJieflOBaHHH 3HaHeHH5ix 3HeprH5ix Teo- 
pH5i B03MyineHHH npH HyjieBoii TeMnepaType pa6oTaeT npexpacno. O^naKO, b 
112] 6bijio noKa3ano, hto npn Konennon TeMnepaType Teopnsi B03MymenHH ne- 
pecTaeT pa6oTaTb b6jih3h 3jieKTpocjia6oro 4)a30Boro nepexo^a y>Ke Mace 
Xnrrca Bbime 60 TsB. HosTOMy cym,ecTByK)m,ee b nacT05im,ee BpeM5i orpannne- 
nne na Maccy Xnrrca Mjj > 114 FsB Tpe6yeT ncnojib30Bann5i nenepTyp6aTnB- 
noH TexnnKn nccjie^OBannsi BbicoKOTCMnepaTypnon 4)n3nKn. HMcnno nosTOMy 
name ncnojib30Banne pemeTonnon Texnnxn n onpaB^ano npn n3ynennn 3jieK- 
Tpocjia6oro nepexo;],a. 
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Phc. 5.1: OasoBaa ^HarpaMMa MOflejiH b hjiockocth (/3,7)- flJia pasMepa pemeTKH no mhh- 

MOMy BpeMCHH Nt = 2. 



5.1 MoHonojiH HaM6y 

Hhjkg flaeTCfl o6'b5icHeHHe Toro, hto TaKoe MOHonojib HaM6y c KjiaccH^ecKoii 
H c KBaHTOBoii ToneK speHHii. IlpejKfle Bcero, onpe^ejiHM nenpepbiEHbie 9jieK- 
Tpocjia6bie nojiH KaK ohh noiiBjiiiioTCH b Mo^ejiH BaiiH6epra - CajiaMa. IlycTb 
$ - CKaji5ipHoe nojie 9jieKTpocjia6oH TeopnH. Mbi onpeflejiaeM nojie Z - 6o30Ha 
Zi^ H sjieKTpoMarHHTHoe nojie ^em cjie^yiomHM oGpasoM: 

1 



Z^" = 



Al^yi = 2B^ + 2sm^ewZ^, (5.1) 

rfle H - 9T0 cooTBeTCTBeHHO SU{2) h U{1) KajiH6poBO^Hbie nojiii 
CTHflapTHOH MoflejiH. 

^ajiee, 4)HKCHpyeM yHHTapHyio KajiH6poBKy $2 = const. ^ $1 = 0. Tor^a 

2 ^2 91 2 



-43 ^ 

^EM = e[ sin6'H^ H cos6'h^] = A^, 

92 
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(5.2) 
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r^e ^ = —TvAa^^ — = 2B/gi^ — - npHBbiHHbie nojia CTaHflapTHoft Mo/],e- 

JIH, a = + ^2- 

B o6jiacTH npocTpancTBa - BpeMeHH, b KOTopoH $ = o6biHHbie noji5i CTan- 
flapTHOH MoflejiH ( 15.11 ) He onpeflejieHbi. TaKHe o6jiacTH 4)opMHpyK)T ^Byiviep- 

Hbie nOBepXHOCTH, 5IBJI5IK)IHHeCH MHpOBblMH nOBepXHOCT5IMH TaK HasbiBaeMbix Z 

- CTpyH, ecjiH npH o6xo/],e B/],ojib Majioro KOHTypa BOKpyr CTpyHbi nojie Z na- 
6HpaeT HeHyjieByio (J^aay, KpaTHyio 27r. MoHonojiH HaM6y onpe^ejisiiOTCsi KaK 

KOHII,bI Z-CTpyHbl [21]. C KJiaCCHHeCKOH TOHKH 3peHH5i Z-CTpyHa ecTb HecTa- 

6HjibHoe pemeHHe ypaBHeHHii /],BH>KeHH5i, xapaKTepH3yK)ma5iC5i MarHHTHbiM no- 

TOKOM, HSBJieKaeMbIM H3 VlOR'A Z-6o30Ha. A HMeHHO, flJIH MajIblX KOHTypOB C 

BOKpyr Z - CTpyHbi flOJi>KHO 6biTb 

Z^'dx^ - 27r; ^gM^^^:'^ ^' X ^^^^^^ (^"^^ 

CTpyna 0KaHHHBaeTC5i b MecTe Haxo>K/],eHH5i MOHonoji5i HaM6y. Hotok no- 
JI5I rHnep3ap5i/],a B coxpaHHeTCH b stoh tohkg §. HosTOMy MOHonojib HaM6y 
HeceT sjieKTpoMarHHTHbiii hotok 47rsin^^p^. 5lBHbiH bh/i, KjiaccHnecKoro peme- 
HHH ypaBHeHHH flBH>KeHH5i MOflGJiH BaHHGepra - Cajiaivia, cooTBeTCTByromero Z 

- CTpyne, TaK >Ke KaK h noflpo6Hoe o6cy>KfleHHe BonpocoB CTa6HjibH0CTH CTpyn 

HHTepeCyK)IHHHCJ5 HHTaTejIb MO>KeT HailTH B |21) . 

Pa3Mep MOHonojiH HaiviGy oii,eHHBajiC5i b [21] h OKa3ajiC5i 6jih30k k oGpaTHoii 
Macce Z-6o30Ha, b to >Ke BpeM5i ero Macca flOJi>KHa 6biTb b paftoHe necKOJibKHx 
TsB. B cooTBeTCTBHH c [21] MOHonojiH HaiviGy hosibjihiotch tojibko b 4)opMe 
CBssaHHoro coctoj^hhj^ MOHonojib - aHTHMOHonojibHOH napbi. 

B pemeTOHHOH TeopHH KjiaccHHecKHe pemeHH5i, cooTBeTCTByioiuHe Z-CTpyne 
flOJi>KHbi 4)opMHpoBaTbC5i BOKpyr 2-MepHoro TonojiorHHecKoro /],e4)eKTa, koto- 
pbiH npeflCTaBjien n,ejiOHHCjieHHbiM nojieM, onpeflejieHHbiM na ^yajibHOH pemeT- 
Ke 

^ = ^ {\dZ'\^,ea. - dZ') (5.4) 

ZTT 

Tor^a, E MO>KeT paccMaTpHBaTbCH KaK MnpoBas noBepxHOCTb KeaHmoeou Z- 

CTpyHbl 



^Ha KjiaccH^^ecKOM ypoBHC MOHonojicnoflo6Hfcie o6'i>eKTbi c HenyjieBbiM hotokom nojiH B hmbiot 6ecKO- 
HeHHyio coGcTseHHyio aneprHio. Ha KBaHTOsoM yposne TaKHe o6'i>eKTbi npncyTCTByiOT b pemeTOHHOii TeopHH 
npn KOHeHHBix SHaHenHHx fljiHHH pe6pa penieTKH. O^naKO, b 4)H3HHecKii HHTepecHoii o6jiacTH hjiothoctb 
3THX oGteKTOB TaKJKe sanyjiaeTCH (cm. FjiaBy 6). 
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^ajiee, MHpoBbie jihhhh MOHonojieii - sto rpaHHi],bi MHpoBOH noBepxHOCTH Z- 
CTpyHbi: 

3z = SJ: (5.5) 

PemeTOHHasi Mo^ejib CTanoBHTCsi U{1) KajiH6poBOHHOH Mo^ejibio nocjie 4)HKca- 
i],HH yHHTapHOH KajiH6poBKH. CooTBeTCTByK)iii;ee KOMnaKTHoe U{1) nojie npe/i,- 
CTaBjieHO B (14.261) . HosTOMy mo>kho HSBjieKaxb MOHonojibHbie TpaeKTopHH neno- 

CpeflCTBGHHO H3 A: 

jA = ^*d{[dA]mod27T) (5.6) 

ZTT 

VI jzj H Ja npeflCTaBjiHiOT oSiieKTbi, Hecymne MarHHTHbm sapa/i,. HosTOMy Ba>K- 
HO ycTanoBHTb cooTHomeHHe uewipj hhmh. HMeeM 

A= [Z' + 2^]mod27r. (5.7) 

HJIH HenpepblBHblX 0603HaHeHH5IX 

A^ = Z''^ 2B^, (5.8) 

Tj\Q B - rHnep3ap5i/],OBoe nojie. MarHHTHbiii hotok, cooTBeTCTByiomHii B sa- 
Hyji5ieTC5i. riosTOMy nojiHbiii Z noTOK, hcxo^hiuhh h3 ii,eHTpa MOHonoji5i paben 
nojiHOMy noTOKy A noji5i. (KaK ^4, Tax h Z He onpe^ejieHbi BHyTpn MOHonojia.) 
TaKHM o6pa30M, b nenpepbiBHOM npe^ejie nojio>KeHHe MOHonoji5i HaiviGy flOJi>K- 
HO coBna^aTb c nojio>KeHHeM MOHonoji5i, H3BjieHeHHoro h3 noji5i A. B pe3yjibTaTe 
Mbi flOJiJKHbi paccMaTpHBaTb (15.61) KaK HHoe onpe/],ejieHHe KbaHTOBoro mohoho- 
JI5I HaM6y. HnTepecHO, hto onpeflejieHHe (15.61) hg CB5i3aHO HenocpeflCTBGHHO hh 
c KaKOH Ha6jiK)/],aeM0H CTpynoH, nocKOJibKy cooTbeTCTByromasi CTpyna ^npaKa, 
coeflHH5iK)ina5i pemeTOHHbie MOHonojiH, H3BjieHeHHbie h3 ^4 - HebH^HMa. 

5.2 MHCJieHHbie pesyjibTaxbi 

Oa30ba5i flHarpaMMa Hameft MOflejiH (Phc. 15. ll) cymecTbeHHO OTjiHHaeTCH ot 4)a- 
30bOH /],HarpaMMbi oGbiHHofi pemeTOHHoii peryji5ipH3aii,HH. A HMeHHO, nama mo- 
flejib coflep>KHT TpH 4)a3bi. Hepbasi (I) - 4)a3a KOHcJiaftHMeHTa, r^e SU (3) noji^^ 
co3/],aK)T yflep>KHbaK)inHe chjim KbapKOb, a TaK>Ke Ha6jiioflaK)TC5i yflep>KH- 
baiomne chjim Me>Kfly jienTonaMH. BnponeM, CTpyna Me>Kfly jienTonaMH pbeTC5i 
Ha HeKOTopbix paccTOHHHHx. B cjie^yioineH d^ose (II) y^ep^KHbaioinHx chji hgt, 
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PhC. 5.2: HojISKOBCKHe JIHHHH KEK (|)yHKIJ,H3 P fl^JIS 4)HKCHpOBaHHOrO 3HaHeHH3 7 = 0.5. (1) 

cooTBexcTByeT V^^^; (2) cooxBeTCTByex Vj^p^, (3) cooxBeTCTByex Pquaj-ks- 

HO MOHonojiH HaM6y CKOH/],eHCHpoBaHbi. Ilocjiep^niiii HacTb flHarpaiviMbi (III) co- 
OTBeTCTByeT HHSKOTeivinepaTypHOH 4)H3HKe, r/],e nojie Xnrrca CKOH/],eHCHpoBaHO. 
B 3T0H HacTH 4)a30BOH flHarpaMMbi MOHonojiH HaiviGy He CKOH/],eHCHpoBaHbi h 
Hx HjiOTHOCTb 6biCTpo Ha^aeT flo Hyji5i. ^ajiee mm 6yj\eM nasbmaTb nacTH /],Ha- 
rpaMMbi II H III 4)a3aMH, xotsi nepexo/i, Me>K/],y hhmh Bnojine MO>KeT OKasaTbca 
KpoccoBepoM. 

YBejiKHeHHe TeMnepaTypbi cooTBeTCTByeT nepexo^y h3 4)a35i III b 4)a3y II. 
OH3HHecKa5i TeMnepaTypa Bbipa>KaeTC5i KaK T = r^e Nt - 3to pa3Mep 
pemeTKH no nanpaBjieHHio mkhmofo BpeMeHH, a - fljiHHa pe6pa pemeTKH, 3aBH- 
C5iina5i OT 3HaHeHHH KOHCTaHT CB5I3H. Mbi o6o3HaHaeM 3HaHeHHe TeMnepaTypbi b 
TonKe nepexofla KaK T^. 3/],ecb Kon/],encaT Mononojieii HaM6y nrpaeT pojib napa- 
MeTpa nopsiflKa. Mbi ne na6jiK)/],aeM 3anyjienne Kon^encaTa Mononojien HaM6y 
B 4)a3e II c yBejinnenneM pa3Mepa pemeTKn. TaKnM o6pa30M, mbi nojiaraeM, 
HTO Mononojin CKonflencnpoBanbi b nenpepbiBnon Teopnn npn T > Tc. 3to na- 
6jiK)flenne naxo/],HTC5i b cooTBeTCTBnn c npe^nojio^KenneM, c^ejiannbiM b paMKax 
SU (2) MOfl^ejin Xnrrca b [2S] §. B [21| Gbijio noKa3ano, hto 3JieKTpocjia6biH 4)a- 

[29] Gbijio noKaaano, hto b onpe;i,ejieHHOM npeflejie SHaHenHft KOHCTanT cbhsh SU{2) MO^ejib XHrrca 
CTaHOBHTCH SKBHBajieHTHoii MOflejiH fl;xopffxii - Fjiainoy. Tor^a mohohojih T'Xo(J)Ta - IIojiHKOBa MoryT Smtb 
OTOJKflecTBjieHM c MOHonojisMH HaM6y. H, KaK cjieflCTBHe, KOHfleHcaii,Ha MOHonojieit T'Xo4)Ta - IIojiaKOBa b 
CHMMeTpniHOH 4)a3e MO^ejiH ^jKopfljKH - Fjisinoy oanaHaeT, hto, KaK MHHHMyM, b stom KOHKpeTHOM npe^ejie 
SHaHCHHii KOHCTaHT CBH3H MOHOHOjiH HaM6y CKOHflencHpoBaHH TaKJKe H B SU(2) Mo;],ejiH XHrrca. 



82 



soBbiH nepexofl siBjisieTCsi b /],eHCTBHTejibHOCTH KpoccoBepoM npH /],onycTHMbix 
SHaHeHHHx Maccbi Xnrrca. 3to npHBejio k saKjiiOHeHHK) o tom, hto 6apH0H- 
Ha5i acHMMGTpHsi He Morjia BOSHHKHyTb BO BpeM5i 3jieKTpocjia6oro 4)a30Boro 
nepexofla, KaK 6bijio npefljio^Keno b [44]. Hame HCCJieflOBaHHe noKasbiBaeT, oj\- 
HaKO, HTO CTpyKTypa Baxyyivia HH>Ke h Bbime nepexo^a cymecTBeHHO pasjiHHHa. 
3jieKTpocjia6biH nepexo/i, 5iBji5ieTC5i nepK0Ji5ii],H0HHbiM h KOH^eHcaT MOHonojieit 
HaM6y 5iBji5ieTC5i napaMeTpoM nopsiflKa. CHTyaLi,H5i s^ecb MO>KeT 6biTb anajio- 
rHHHa CHTyaLi,HH b 3D KOMnaKTHoii U{1) pemeTOHHoft MO^ejiH Xnrrca r^e 
4)a30Ba5i JIHHH5I cocTOHT H3 jiHHHH nepGxofla nepBoro pofla npH Majibix KOHCTan- 
Tax CBJ53H noji5i Xnrrca h saKaHHHBaeTCsi b KpHTHHecKOii TOHKe. flajiee (JiasoBasi 
JIHHH5I npoflOJi>KaeTC5i KaK JIHHH5I KepTe>Ka, na KOTopoii TepMO^HHaMHHecKHe 
BejiH^HHbi HepaspbiBHbi. Cjie^yeT OTMeTHTb, hto b 3D SU{2) Mo^ejiH Xnrrca 
PB] 6bijio HaftfleHO, hto Z-BHxpn nepKOJinpyiOT npn T > b to BpeM5i, KaK 
npH T < Tc nepKOJi5iii,H5i OTcyTCTByeT. Ho 3toh npHHHHe b [2B] stot nepexo/i, 

6bIJI HaSBan nepK0JI5III,H0HHbIM. 9t0 TaK>Ke HaX0flHTC5I B COOTBeTCTBHH c HaniH- 
MH Ha6jIK)fleHH5IMH, HOCKOJIbKy B AD Z-BHXpH 0KaHHHBaK)TC5I Ha MOHOnOJI5IX 

HaM6y. 

HH>Ke paccMaTpHBaeTC5i MO^ejib c BKiironeHHeM SU{3) nojieft, onncaHHasi b 
npeflbiflymeft rjiabe. (Taivi >Ke Gbijih npe^CTaBjieHbi pesyjibTaTbi HCCJieflOBaHHH 
9T0H MOflejiH npH HyjieBOH TeMnepaType.) Mbi HcnojibsyeM necHMMeTpHHHbie 
pemeTKH c pasMepoM B^ojib HanpaBjieHH5i mkhmofo BpeivieHH 2 h 4 h npocTpan- 

CTBGHHblM paSMepOM OT 8^ flO 24^. KajIH6pOBOHHa5I HaCTb fleHCTBH5I HMeeT BHfl 

Sg = ^ {2{1 -ITt Up COS Op) + 

plaquettes 

+ (1 - cos2^p) 

+ 6[1 - lReTTrpTTUpexp{iep/3)] 

+ 3[1 - iReTrrpexp(-2?V3)] 

+ 3[1 - iReTrrpexp(4zV3)]}, (5.9) 

rj\e cyMMa - no njiaKCTaivi, a 

r G SU{3), U e SU{2), e'^ e U{1). (5.10) 

Ka>Kflbffl Hjien b (15.91) . cooTBeTCTByeT onepaTopy napajiJiejibHoro nepenoca 
Bflojib rpaHHLi,bi dp HjiaKeTa p. 
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Phc. 5.3: HjiOTHocTb MOHonojieii HaiviSy p{A) h nepKOJifln;HOHHaa BepoflTHOCTt n(A) kok 
4)yHKii;Ha 7 fljia (3 — 0.6. 
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^eiicTBHe fljiH CKajiiipnoro nojiH paccMaTpHBaeTCH b ero npocTeiimeM BH^e 
B JloH/];oHOBCKOM npe^ejie. Ilocjie 4)HKcai],HH yHHTapnoii KajiH6poBKH mm nojiy- 
^aeM: 

Sh = lU^-ReiU',y^y)]. (5.11) 

xy 

Sflecb 7 = -u^, r^e - sto saTpaBOHHoe BaKyyMHoe cpe^Hee CKaji5ipHoro 

noji5i. Mbi npeneflperaeM BKjiaflOM flHHaMHHecKHx 4)epMH0H0B. IIoaTOMy nojiHoe 
js^eMTBue nameii Mo^ejiH HMeeT bh^ S = Sg + Sh- 

CooTHomeHHii ueyKjiy saTpaBO^HbiMH KOHCTaHTaMH cbhsh ag (KOHCTanTa 
CHJibHoro BsanMOfleftcTBHii KBapKOB), a (nocTOHHHaii TOHKoii CTpyKTypbi), a 
TaKJKe 6w (yroji BaiiH6epra) b Hameii MOflejiH paBHbi cooTBeTCTByioinHM bbi- 
pa>KeHH5iM b SU (5) MO^ejiH o6i3ej\RnenK5i. Mbi b nameM HHCjieHHOM Hccjie^o- 
BaHHH Hsy^aeM o6jiacTb 4)a30BOH flnarpaMMbi, b KOTopoii SHaneKHH a b paiioHe 
1/50 H ~ 1/20. 3to CBiisano c TexHHHecKHMH npo6jieMaMH, BOSHHKaiomHMH 
npH CHMyji5iD;HH MOflejiH c 6ojibmnM SHaneHneM /3, cooTBeTCTByioineM MajiOMy 
SHa^eHHK) a. KpoMe Toro, ecjiH KOHCTanTbi cbhsh, cooTBeTCTByioiuHe pasHbiM 
noflprynnaM KajiH6poBOHHOH rpynnbi na nopsiflOK OTjin^aiOTCH flpyr ot flpyra 
(xaK 3T0 HMeeT MecTO B peajibHOH CTaH/],apTHOH Mo^ejiH, rpfi as ~ lOa), to 
BOSHHKaiOT flonojiHHTejibHbie TpyflHOCTH B pa6oTe HHCJieHHoro ajiropHTMa. 3Ta 
npo6jieMa ne BOSHHKacT b paccMaTpuBaeMoii HaMH o6jiacTH KOHCTanT cbhsh, 
rfla Qig ~ a. He cmotph na to, ^to mm, TaKHM o6pa30M, Hsy^aeM o6jiacTb 
4)a30Boii ;];HarpaMMbi, naxofliiinyiocii na neKOTopoM OTflajieHHH ot (^HSH^ecKoii 
(nanpHMep, HcnojibsyeMbie naMH saa^eHw a b 2.5 pasa Menbine ee 4)H3HHe- 
CKoro 3HaHeHHH), KaK o>KHflaeTca, KanecTBeHHO uoBep^enne MOHonojieii HaM6y 
npH peajiHCTHHecKHx SHaneHHax KOHCTaHT cbhsh ne ^oji^kho OTjinnaTbCH ot 
o6Hapy>KeHHoro naMH. 

B onpaBflanne namero Bbi6opa sna^eHHii KOHCTanT cbhsh cjie^yeT CKaaaTb, 
^TO 6ojibmHHCTBO HHCJieHHMx CHMyji5iLi;nii 9jieKTpocjia6oH MOflejiH, BbinojiHen- 
Hbix K HacTOiiineMy MOMeHTy, ncnojibsoBajin HepeajiHCTH^ecKHe SHaneHHii koh- 
CTaHT CB5I3H. Boo6iii;e roBopa, nocjieflOBaTejibHoe HsyMeHne pemeTOHHoii MO^ejin 
flOji>KHO BKjiiOHaTb HsyHeHHe ee b o6jiacTH KOHCTaHT CBH3H, rfle ajiropHTM pa- 
6oTaeT 6bicTpo h nosBOJiaeT HsynaTb Bce o6jiacTH 4)a30BOH flnarpaMMbi. IIpH 

9T0M Ka^eCTBCHHO CBOHCTBa MOflCJIH BHyTpH OflHOH (^aSbl COBnaflaiOT flJIH Ma- 
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jibix H 6ojibmHx SHaHeHHHx KOHCTaHT CB5I3H. TaKoe HccjieflOBaHHe flOJiJKHO Heo6- 
xoflHMO npeflBapHTb HCCJieflOBaHne npn peajiHCTHnecKHx snaHeHHHx. HivieHHO 
3T0T npeflBapHTejibHbiH STan HCCJieflOBaHH5i mm h BbinojiHHjiH npH HsyHeHHH 
CBOHCTB MOHonojieH HaM6y npn KOHe^Hbix TeivinepaTypax. HaiviH TaK>Ke Hsy^a- 
jiHCb CBoiicTBa MOHonojiGH HaM6y npn 6ojiee peajiHCTHnecKHx SHaneHHax no- 
CT0J5HH0H TOHKoii CTpyKTypbi, HO npH HyjieBOH TeivinepaType. 9th pesyjibTaTbi 
6yflyT o6cy>K/],aTbC5i b cjieflyK)m,eH rjiaBe. 

Bee HepeHopMHpoBaHHbie KoneTaHTbi eB5i3H /],oji>KHbi BbinnejisiTbesi e nenojib- 
30BaHHeM eTaTHHeeKHx KBapKOBbix H jienTOHHbix noTeHij,HajiOB. Torp^a jihhhh 
noeT05iHHOH 4)H3HKH (JIHO) B npoeTpaHeTBe saTpaBOHHbix napaivieTpoB (bkjiio- 
Ha5i pasMep pemeTKH no MHHMOMy BpeMeHn) onpe/],eji5iK)Te5i KaK jihhhh, na ko- 
Topbix HepeHopMHpoBaHHbie KOHCTaHTbi CB5I3H (npH HyjieBOH TeMHepaType) b 
4)H3H^ecKHx eflHHHH,ax HoeTOHHHbi [TSl [21] • Mbi He Hcejie^yeM HocjieflOBaTejib- 
Ho HpH6jiH>KeHHe pemeTOHHOH MOflejiH K HenpepbiBHOH 4)H3HKe §. PaceMOTpe- 
HHe JinO TaK>Ke neoGxo^HMO flji5i 0Hpe/],ejieHH5i eooTBexeTBH^i mewipj 4)a30BOH 
flHarpaMMOH b hjiockocth - 7 h hphbbihhoh 4)a30BOH /],HarpaMMOH b hjiocko- 
eTH T — Mff. OflHaKO, B03HHKH0BeHHe TeMHepaTypbi na 4)a30BOH /],HarpaMMe 
HpefleTaBjieHHoii na pne. 15.11 MO>KeT 6biTb hoh5ito na oenoBannH ^peBecHoro 
npH6jiH>KeHH5i fljiH fljiHHbi pe6pa pemeTKH h Maccbi Z - 6o30Ha. A HMenno, b 
4)a3e III HMeeM Mz = gzv/2 b pemeTOHHbix eflHHHLi,ax. S^ecb gz = 
8/3 = ^, H cos^ 6w = §• Tor^a Mz ~ ^J^. flajiee, fljiHHa pe6pa pemeTKH b (J)h- 

3HHecKHx eflHHHH,ax paKHa a = Mz/Mz^^^ ^ rj\e Mz^^^ - okojio 90 FsB. Tor^a, 
CKa»ceM, HpH (3 = 0.6, 7 = 1.5 ^peBecHoe HpH6jiH>KeHHe p^ji^i fljiHHbi pe6pa pe- 
meTKH flaeT a ~ (130 GeV)^^, a npn f3 = 0.8, 7 = 1.0 HMeeM a ~ (180 GeV)^^. 
HaKonen,, TeMnepaTypa 0H,eHHBaeTC5i KaK T = ~ ^J^jdOGeV. Xoth ho- 
cjieflHee BbipajKenne flOJi>KHO 6biTb MOflH(|)HH;HpoBaHO c HCH0Jib30BaHHeM pe- 
meTOHHOH peHopMajiH3aH,HOHHOH rpyHHbi, OHO H0Ka3biBaeT, HTO TeMnepaTypa 
yBejiHHHBaeTC5i c yBejinneHneM (5 h yMenbmenneM 7 h Nt- B /],peBecHOM npn- 
6jiH>KeHHH JinO cooTBeTCTByeT nocTOHHHOMy (3^ (j3HKCHpyK)m,eMy 3HaHeHHe a, 
as H 6\Y. riosTOMy npn 3aflaHH0M Nt yBejmneHHe TeMnepaTypbi cooTBeTCTByeT 
yMenbmeHHK) 7, to ecTb nepexo^y na 4)a30BOH ^narpaMMe (b njiocKOCTH /3 — 7 



■^CjieflyeT OTMeTHTb, hto TaKoe HCCJieflOsaHHe mojkct noTpe6oBaTb BKjiiOHeHHH b paccMOTpenHe npn hc- 

CJieflOBaHHH JIHHHH nOCTOHHHOH (JjHSHKH paSJIHHHblX SaTpaBOWblX KOHCTaHT CBSSH flJlSl SU{2), 5't/(3), U{1) 

HOjieii Tax jkc, KaK h saTpaBOHHOfi MaccBi XHrrcoBCKoro 6o30Ha. 
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H3 4)a3bi III B (Jjasy II). TaKHM o6pa30M, BepTHKajibnasi jihhhh na Phc. 15.11 
cooTBeTCTByiomasi nocTOHHHOMy b /],peBecHOM npH6jiH>KeHHH cooTBeTCTByeT 
Mh = oo, a = = const, ag = = const, sin^^^ = 3/8. Hpn stom ^bh- 
>KeHHe CBepxy bhh3 no stoh jihhhh cooTBeTCTByeT yMeHbineHHio fljiHHbi pe6pa 
pemeTKH h yBejiHHeHHio TeMnepaTypbi. KbanTOBbie nonpaBKH necKOJibKO HSMe- 
H5iK)T 3Ty KapTHHy. Bce nepeHHCJieHHbie 4)H3HHecKHe BejiHHHHbi MenaiOTCsi npn 

flBH>KeHHH BflOJIb yKaSaHHOH JIHHHH. OflHaKO, KaK HOKaSblBaiOT HaniH HCCJieflO- 

BaHH5i, H3MeHeHH5i ttg, Q!, H sm^Ow Majibi. Hto KacaeTCH HepenopMnpoBaHHOH 
Maccbi Xnrrca, ona y>Ke ne GecKoneHHa. KaK 6yj\QT H0Ka3aH0 b cjie/],yK)ni,eH 
rjiaBe b o6jiacTH 3HaHeHHH a BOKpyr ee 4)H3HHecKoro 3HaHeHH5i 1/128 b6jih3h 
JIHHHH (|)a30Boro Hepexo^a Me^K^y (|)a3aMH II h III 3HaHeHHe Maccbi Xnrrca 
cocTaBji5ieT ~ 9Mz- 

B Hamen MOj\ejm 3aTpaB0HHbiH 3ap5ifl = g^siv? 6w = jf^; ero SKCHepHMen- 
TajibHoe 3HaHeHHe a = ^ ^^^'^ ~ IIosTOMy /],ji5i HOJiyneHHsi peajiHCTHnecKoro 

3HaHeHH5I H0CT05IHH0H TOHKOH CTpyKTypbl ^5 ~ | ~ 1.9. Hama OH,eHKa flJI5I KpH- 

THHecKoro 7 npn Nt = 2, (5 = 1.9 ecTb 7^ ~ 0.9. IIoaTOMy b JIoh/],ohobckom 
Hpe^ejie p^ji^i XHrrcoBCKoro HOTenn^Hajia c HOMoni,bio flpebecHoro HpH6jiH>Ke- 
hhh mojkho OH,eHHTb KpHTHHecKyio TGMHepaTypy HpH /3 = 1.9 KaK Tc ~ 150 
FsB. Pa3yMeeTC5i, sto BecbMa rpy6a5i OH,eHKa flji5i KpHTHnecKOH TeMnepaTypbi @. 
KaK y>Ke 6bijio CKasano Bbime, BbinncjiHTejibHbie Moni,nocTH ne no3BOJiHjiH naivi 
BbmojiHHTb ncjieflOBanne MO^ejin b OKpecTnocTii (5 ~ 1.9. BiviecTO 3Toro mm 
nccjieflOBajin o6jiacTb /3 G (0.6, 0.8) b c^ase III. 3to cooTBeTCTByeT 3nanenH5iM 
a B paHone 1/50 11 ~ 1/20. B 3toh o6jiacTH rpy6a5i flpeBecHaa OH,eHKa ^aeT 
3HaHeHHe KpHTHHecKOit TeMnepaTypbi b panone 90 FsB. 

Mbi H3ynaeM pa3JiHnnbie IlojiHKOBCKne jihhhh, cooTBeTCTByion^He 6ecKonen- 
no T5i>KejibiM KBapKaM n jienTonaM: 

Vt^, = (ReTrn(,,),,t/,,e-^^-), 
^quarks = (Ren(,y)e/r,,/7,yet^-), 

"^down quarks ~ {^^^{xy)el'^xy ^ ^ ''^) i 

n'^pquarks = (Ren(,,),^r,,eT^-). (5.12) 

"^Bto SHaneHHe cjie^yeT cpasHHTb co SHaneHHeM, BbiHHCjieHHbiM b SU{2) Mo;i,ejiH Xarrca b [43]. TaM npH 
a ~ 1/100, Mh = 120 FsB Tc 6bijio o6Hapy>KeHO b paiioHe 210 FsB, a fljia Mr ^ 180 FsB Tc - 250 GeV 



87 



Sflecb / o6o3HaHaeT jihhhk) na pemeTKe, HanpaBjieHHyio BflOJib och MHHMoro 
BpeivieHH, saMKHyTyio Hepes rpaHHHHbie ycjiOBH5i. 

Mbi BbMCHHjiH, HTO jieBGe BepTHKajibHOH jiHHHH 4)a30Boro nepGxofla Bce rio- 

JI5IK0BCKHe JIHHHH 3aHyjI5IK)TC5I B TO BpeM5I, KaK CHpaBa OT 3T0H JIHHHH BCe OHH 
OTJIHHHbl OT HyjI5I (pHC. 15.21) . 

HaMH HCCJieflyeTC5i necKOJibKO bh^ob MOHonojien, HOCTpoeHHbix h3 H,BeTHbix 
nojieii (cm. Hpe^biflymyio rjiaby). TaK>Ke HCCJie^yiOTCj^ mohohojih, H3BjieKae- 
Mbie H3 H0JI5I 29 (Mohohojih rHHep3ap5ifla) , h mohohojih HaM6y. Mbi naxo^HM, 
HTO HjioTHOCTb H,BeTHbix MOHOHOJieH H MOHOHOJiGH rHHep3ap5i/],a pe3K0 Ha^aeT 
CHpaBa OT BepTHKajibHOH JIHHHH (|)a30Boro Hcpexofla Ha pnc. 15. 1[ 9to (bmcctc c 

HOBe/],eHHeM HojiaKOBCKHX JIHHHh) rOBOpHT O TOM, HTO flaHHaSI JIHHH5I 5IBJIJ5eTC5I 
JIHHHCH HCpeXOfla KOHcj^aKHMCHT - fleKOHcjDaHHMCHT, o6in,eH flJIH SU (2), SU (3) H 

U{1) HOJieii. noBeflCHHe hojihofo fleftcTBHsi h MOHOHOJibHbix HjioTHOCTCH o6Ha- 
py>KHBaK)T 3/],ecb rHCTepe3HC, yKasbmaioinHH, hto sto 4)a30BbiH nepexofl nep- 
Boro pofla. 

rijiOTHOCTb MOHOHOJieii HaM6y OTjinnna ot nyjisi b 4)a3e II. B 4)a3e III hx 

HJIOTHOCTb GblCTpO HaflaCT. Mbi BH/I,HM, HTO HepKOJI5IH,HOHHa5I BCpOHTHOCTb MO- 

HOHOJieft HaM6y 5iBji5ieTC5i napaMCTpoM Hop5i/],Ka nepexo^a Me>Kfly 4)a3aMH 
II H III (cm. pnc. 15.31 ). IlojiojKeHHe SToro nepexo^a TaK>Ke coBHa^aeT c MaKCHMy- 

MOM BOCHpHHMHHBOCTH X = (^^) ~ (^)^i H3BJieKaeM0H H3 OHCpaTOpa pO^KflCHHil 

XnrrcoBCKoro 6o30Ha = Ey iW^xyl^ 

HJIH Hx — Ey Z'^y. B TO >Ke BpCMH Mbi HC 

Ha6jno/],aeM pe3Koro H3MeHeHH5i ^eHCTBHsi b6jih3h nepexo^a. Koppeji5iH,HOHHbie 

flJIHHbl flJI5I pa3JIHHHbIX KOppCJISITOpOB HOJIGH HG CTpeM5ITC5I K SeCKOHCHHOCTH B 

TOHKC Hepexo/],a. Bce 3to yKa3biBaeT na to, hto mbi hmccm ^cjio c KpoccoBcpoM, 

HJIH C HCpeXOflOM, Ha3BaHHbIM B [28] HepK0JI5n],H0HHbIM. 

HccjieflOBaHHC pa3JiHHHbix pa3MepoB pemcTOK (ot 8^ x 2 /i,o 24^ x 4) noKasbi- 

BaCT, HTO B 4)a3e II HH HJIOTHOCTb, HH HepKOJI5IH,H5I MOHOHOJIGH HaM6y HG yMGHb- 
maiOTC5I C yBGJIHHGHHGM pa3MGpa pGHIGTKH. IlpH 3T0M TOHGK Ha 4)a30BOH 

flHarpaMMG B 3T0H 4)a3G HpOBGp5IJIC5I HaMH BHJIOTb J\0 3HaHGHHH {3 ~ 2.0, COOT- 
BGTCTByK)II],HX a ~ 1/130, TJ\e TaK>KG HG 06Hapy>KHJIH 3aHyjIGHHG KOHflGHCaTa. 

TaKHM o6pa30M, mbi oGnapy^KHjin, hto b paccMaTpHBacMon mo^gjih mohohojih 

HaM6y CKOH^GHCHpOBaHbl HpH T > Tc- 
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5.3 ny6jiHKaLi,HH 

PesyjibTaTbi HacTOHineft rjiaBbi ony6jiHKOBaHbi b pa6oTe: 

"Z(6) symmetry, electroweak transition, and magnetic monopoles at high 
temperature. By B.L.G. Bakker A.I. Veselov, M.A. Zubkov, Phys.Lett.B642: 147- 
152,2006, | hep-lat/0606010| 
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FjiaBa 6 

®jiyKTyaii,HOHHaa o6jiacTb b mo^gjih 
BaiiH6epra - CajiaMa 

6.1 BBe^GHHe 

B 3T0H rjiase mbi HSJiaraeM pesyjibTaTbi HaniHx HHCjieHHbix HCCjieflOBaHHH MO^e- 
jiH BaHHGepra - Cajiaivia npn nyjieBOH TeivinepaType h npn peajiHCTHHecKHx sna- 
HeHHax KOHCTaHT CB5I3H. HaMH Hccjie/],yeTC5i no/],po6HO o6jiacTb 4)a30BOH pjia- 
rpaMMbi, cooTBeTCTByiomasi saTpaBOHHbiM SHaHeHHHM [a ~ 1/150,^^ = tt/G, 
A = 0.0025, HTO cooTBeTCTByeT Mh ~ 150 r3B)§. KpoMe Toro, p5ij\ pesyjib- 
TaTOB nojiy^eH TaK>Ke p^jiii h p^jiii neKOTopbix flpyrnx saTpaBOHHbix SHaHeHHH 

KOHCTaHT. OflHaKO, HpeJKflG, HQM H3JI0>KHTb HaHIH peSyjIbTaTbl, Mbl HpOH3Be/],eM 

He6ojibmoH SKCKypc b HCTopnio h KpaTKO paccKa>KeM o tom, KaKHe ocHOBHbie 
HHCJiGHHbie pesyjibTaTbi 6bijiH HOJiyneHbi b paiviKax Hpeflbi/],yni,Hx HCCjie/],OBaHHH 
pemeTOHHOH MO^ejiH BannGepra - CajiaMa. 

riepBbie HHCjieHHbie HccjieflOBaHHH Mop^ejin BaHH6epra - Cajiaivia npoBOflH- 
jiHCb B 80 - X roflax 20 Bexa h b ochobhom orpaHHHHBajiHCb MOflejibio 6e3 U{1) 
C0CTaBji5iK)ineH, TO ecTb SU (2) MO^ejibio Xnrrca npn HyjieBoft TeMnepaType 

(cm., HanpHMCp, [221 HSl [151 HSl [IZ] H CCblJIKH BHyTpH TCKCTOB 3THX pa60T). 

B 3THX HCCjieflOBaHHj^x 6bijia ycTaHOBjiena 4)a30Ba5i CTpyKTypa pemeTOHHoii 

^Otjihhhc saTpaBOHHoro SHaneHHa nocTOHHHOfi tohkoh CTpyKTypti ot SKcnepHMHTajitHoro snaHeHHa: 
a{AIz) ~ 1/128 oSycjiOBjieno tcm, hto na CTapTe HCCjieflOBamia npH BbiHHCjieHHH nepeHopMHpoBaHHOii 
nocTOHHHOH TOHKOH CTpyKTypbi na pemeTKax Majioro pasMepa HaMH ne yHHTbiBajiHCb HOCjieflOBaTejibno 3(J)- 
(JjeKTbi KOHeHHoro oGteMa. B peayjibiaTe BbinHCJieHHaa nepenopMHpoBaHHaH an coflep>Kajia saBHCHMOCTb 
OT pasMepa penieTKH, a ee snanemie fljia pemeTOK HcnojibsyeMoro pasMepa OTjinnajiocb cym;ecTBeHH0 ot 
saTpaBOT^Horo. 3to h o6ycjiOBHjio Bbi6op saTpaBonnoro snaHeHHH a ^ 1/150 c tcm, hto6h SHancHHe aR na 
penieTKax HcnojibsyeMoro pasMepa Gbijio 6jih3ko k 1/128. IlocjieflOBaTejibHbiH yneT seJjcJjeKTOB KOHeHHoro 
o6T>eMa (cm. ^ajiee tckct flannoH rjiaBbi) b an HOKaaaji, hto STa BejiHHHna MOxceT 6biTb BbiHHCjiena c xopo- 
meii tohhoctbio flajKe na pemeTKax ohshb neGojiBnioro pasMepa, a ee OTKjiOHeHHe ot saTpaBOHHoro snaHCHHa 
BecBMa HeanaHHTejiBHO. 
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MOflejiH. ripH Majibix A 6biji o6Hapy>KeH 4)a30BbiH nepexo/i, nepBoro po^a Me>K- 
pj 4)H3HHecKOH XHrrcoBCKOH 4)a30H {rj\e CKOHfleHCHpoBano CKaji5ipHoe nojie) h 

He4)H3HHeCKOH CHMMeTpHHHOH 4)a30H, Tfle KOHfleHCaT OTCyTCTByGT. ripH 3T0M 

ycTaHOBjieHO Tax Ha3biBaeMoe aGcojiiOTHoe orpaHHHGHHe na Maccy Xnrrca (flo- 
CTHraeMoe npn A = oo): Mh < lOMw (cm., nanpHMep, [IS, [IS, [IT] ) . Mccjie^OBa- 
HHe MOflejiH c BKjiiOHeHHeM U (1) nojieii b paiviKax SU (2) 0U{1) MO^ejiH Xnrrca 
npoH3BOflHjiocb B [3], Fflfi 6bijia flana 4)a30Ba5i ^HarpaMMa Mo^ejiH. OflnaKO, b 
|[3] HHCJieHHoe Hccjie^OBaHHe 6bijio orpaHH^eHO He(|)H3HHecKH 6ojibmHMH 3Ha- 

HeHH5IMH a. fl^O pa60T, H3JI0>KeHHbIX B HaCT05imeH rjiaBe HCCJieflOBaHH5I MOflejIH 
C BKJIIOHeHHeM U{1) U0J151 npH peajIHCTHHeCKHX 3HaHeHH5IX KOHCTaHT CB5I3H He 
npOH3BOflHJIOCb . 

CjieflyioinHH 3Tan HHCJiennbix HccjieflOBaHHH Mo^ejiH BaHH6epra - Cajiaivia 
6biji MOTHBHpoBaH B03M0>KH0H CBH3bio 4)H3HKH 9jieKTpocjia6oro nepexofla npH 
KOHeHHoii TeivinepaType c KOCMOJiorneH, b HacTHOCTH, c npo6jieMOH 6apH0HH0H 
acHMMeTpHH (cm., HanpHMep, [il[5l[Bl[7l[Sl[Sl[IUl[IH[I2l[Il[Il[21]). Oaho 

H3 Ba>KHbIX flOCTH>KeHHH 3THX HCCJieflOBaHHH - o6Hapy>KeHHe TOHKH Ha 4)a30- 

BOH /],HarpaMMe (b hjiockocth T — Mh)-, b KOTopoii (|)a30BbiH nepexofl nepBoro 
po;],a nepexo/],HT b KpoccoBep. Bbijio oGnapy^KeHO, hto npn SKcnepHMeHTajibHO 
;],onycTHMbix 3HaHeHH5ix Maccbi Xnrrca 3jieKTpocjia6biH nepexo/i, He 5iBji5ieTCH 
4)a30BbiM nepexoflOM nepBoro hjih BToporo po/],a, a othochtcs k pa3p5ifly Kpoc- 

COBepOB. 

B AD pemeTOHHbix HCCJieflOBanHax SU{2) MO^ejiH Xnrrca niKajia 4)HKCHpy- 
CTCii 3HaHeHHeM Maccbi VF-6o30Ha. A HMenno, Macca b pemeTOHHbix eflHHHi],ax 
M\Y = a X 80 FsB, r^e a sto 3HaHeHHe fljiHHbi pe6pa pemeTKH. yjibTpa4)H- 
ojieTOBoe o6pe3aHHe Tor^a paBHO A = ^. JJ,Ji5i cnpaBO^Hbix u^ejiePi b Ta6jiHi],e 
16.11 Mbi npHBOflHM 3HaHeHHH yjibTpa4)HOJieTOBoro o6pe3aHH5i b neKOTopbix hhc- 
jieHHbix HCCjieflOBaHH5ix SU (2) MO^ejiH Xnrrca. Bo Bcex n,HTHpyeMbix pa6oTax 
a ~ 1/100. H3 yKa3aHH0H Ta6jiHn,bi mm MO>KeM noHepnnyTb MaKCHMajibHoe flo- 
CTHrnyToe flo HacT05ini,ero BpeMCHH 3HaHeHHe yjibTpacJiHOJieTOBoro o6pe3aHH5i b 
paftoHe 1.5 TsB. (B [4] fljiHHa pe6pa pemcTKH pasjinnna ^jih npocTpaHCTBCH- 
Horo HanpaBjieHH5i h ^jih HanpaBjieHHH B^ojib MHHMoro BpeMCHH.) 

OTflCJIbHO 3aCJiy>KHBaeT BHHMaHH^^ BOnpOC O Heo6xOflHMOCTH npHMCHHTb 

HenepTypGaTHBHbie h, b HacTHOCTH, pemeTOHHbie ueTop^hi k Hccjie^OBaHHio 
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Ta6jiHiJ,a 6.1: SnaHeHKH yjiTpa(|)HOJieTOBoro oGpesanna b neKOTopbix pa6oTax no HHCjieHHOMy 
HccjieflOBaHHK) SU{2) mo^cjih Xnrrca. 



CCMJIKa 




Mh (FsB) 


1 A 


440 (1800 fl,Jiii BpeMCHHoro HanpaBjieHHaj 


on 

80 


le 

P\ 


oon /II II \ 

880 (AJia BpeMeHHoro HanpaBjieHHHj 


on 

80 


1 n 

[6J 


880 


34 


Ui 


350 


16 




oon /i 1 nn II II ^ 

280 (1100 ^JiH BpeMeHHoro HanpaBjieHHSij 


O A 

34 


[9] 


oon 

880 


A O 

48 


[TO] 


/I /I n 

440 


35 


fTl 


ooO 


on F^n 
20 , 50 




600 


50 


m 


820 


57 - 85 


m 


630 - 940 


47 - 108 


m 


1250 


480 


m 


1030 - 1470 


280 - 720 ( A = oo H KoneHHoe A) 


m 


780 - 1470 


720 (A = oo H KOHCHHoe A) 



3jieKTpocjia6oH TeopHH. K cojKajieHHio b HacTosiinee BpeM5i flocTaTOHHO niH- 
poKO pacnpocTpaneHO 3a6jiy>KfleHHe, hto b 9jieKTpocjia6oH TeopHH Bce MO>KeT 
6biTb BbiHHCjieHO c HOMom,bK) oGbiHHOH TGopHH B03Mym,eHHH. OflHaKO, KaK y>Ke 
yHOMHHajiocb B Hpeflbiflyn],eH rjiabe, HSBecTHO, hto b TeopHH npn kohghhoh tgm- 
HepaType Teopnsi B03Myni,eHHH nepecTaeT paGoTaTb npn TeivinepaTypax b6jih3h 
TeMHepaTypbi 3jieKTpocjia6oro nepexo^a jiJiii 4)H3HHecKH ^onycTHMbix 3HaHe- 
HHH Maccbi Xnrrca [42j. B Teopnn npn nyjieBoft TeivraepaType Heo6xoflHMOCTb 
npHMeneHHH HenepTyp6aTHBHbix MeTOflOB cjie^yeT h3 Toro, hto b TeopHH cy- 
n],ecTByiOT HCTpHBHajibHbie KjiaccHHecKne pemeHH5i (a hmghho, Z - BHxpn h 
MOHonojiH HaiviGy). Pa3yMeeTC5i, sth o6T.eKTbi hg MoryT 6biTb H3yHeHbi na oc- 
HOBe TeopHH B03Mym,eHHH BOKpyr TpHBnajibHoro Baxyyivia. Macca mohohojij^ 
HaM6y on,eHHBajiacb b [21J h 0Ka3ajiacb b paftone TsB. HosTOMy npn SHeprnax 

MHOrO MGHbniHX 1 TsB TeOpH5I B03Myni,eHHH flOJI>KHa 6bITb HpHMeHHMa, HTO H 

6bijio npofleMOHCTpHpoBano b MHoroHHCjiennbix HCCJieflOBaHH5ix, HpHB0fl5im,Hx 
K 3aMeHaTejibH0My coBHaflenHio c SKcnepHMeHTOM. O^naKO, npn noBbimeHHH 
SHeprHH pojib MOHonojieft HaM6y h Z BHxpeii noBbimaeTC5i, hto h o6ycjiOBjiH- 
BaeT npHMeneHHe HenepTyp6aTHBHbix MeTOflOB. B paGoTax aBTopa HacToamen 
flHCcepTaii,HH H ero coaBTopoB o6Hapy>KeHbi yKa3aHiM na to, hto b oGjiacTH 
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SHeprHH nop^iflKSi 1 TsB MOHonojiH HaM6y flOMHHHpyiOT b Baxyyivie h, cooTBeT- 
CTBeHHO, TeopHH BOSMymeHHH BOKpyr TpHBHajibHoro BaKyyMa He MO>KeT 6biTb 
npHMeHHMa. 

Cjie^yeT OTivieTHTb, hto na HenpHMeHHMOCTb caiviOH MO^ejiH BaHH6epra - Ca- 
jiaMa B 3T0H oGjiacTH SHeprHH yKasbmaeT Tax HasbmaeMaa npo6jieMa nepapxHii 
ll]. A HMeHHO, MaccoBbiH napaMeTp /i^ CKajiapHoro nojisi nojiy^aeT KBa^paTHH- 
HO pacxofl5iinyioc5i nonpaBKy b oflHoneTjieBOM npH6jiH>KeHHH TeopHH BOSMyme- 
HHH. riosTOMy saTpaBOHHbiH MaccoBbiH napaMCTp (/i^ = — Ac'y^, v - sto Ba- 
KyyMHoe cpe^Hee CKajiapHoro uojia) pfljiyKen 6biTb sa^aH GecKOHeHHbiM, htoGm 
nepeHopMHpoBaHHbiH napaMeTp fij^ 0CTaBajiC5i OTpHii,aTejibHbiM h KOHCHKbiM. 
3to npHBOflHT K Heo6xo;],HMOCTH "tohkoh no/],CTpoHKH"3aTpaBOHHoro napaMeT- 
pa H yjibTpa4)HOJieTOBoro o6pe3aHHH, KOTopasi CHHTaeTCsi bo MHornx pa6oTax 
HeecTecTBeHHOH [I]. HosTOMy MHorne nojiaraiOT, hto Heo6xo;],HMO 3a;],aTb ko- 
HeHHoe SHaneHHe yjibTpa4)HOJieTOBoro o6pe3aHH5i A. H3 Tpe6oBaHHH, hto oj\no- 
neTjieBasi nonpaBKa k jj? ne /],oji>KHa npeBbimaTb 10|;U-|^| bbiboahm A ~ 1 TeV. 
TaKHM o6pa30M, h3 coo6pa>KeHHH "ecTecTBeHHOCTH"cjie/],yeT, hto neKasi HOBasi 
(|)H3HKa flOJi>KHa no5iBHTbC5i Ha MacmTa6e 1 TsB. 

CjieflyeT OTMeTHTb, hto b caMoii TeopHH B03Myn];eHHH ecTb TaK>Ke 6ojiee 
CTporoe orpaHHHeHHe na 3HaHeHHe yjibTpa4)HOJieTOBoro o6pe3aHH5i. Oho hohb- 

JI5ieTC5I KaK CJie/],CTBHe Hpo6jieMbI TpHBHajIbHOCTH, CB5I3aHHOH C HOJIIOCOM JlaH- 

flay B HepeHopMHpoBaHHOH KoncTanTe caMOfleftcTBHH hojih Xnrrca A h b nepe- 

HOpMHpOBaHHOii H0CT05IHH0H TOHKOH CTpyKTypbl a. HOJIIOC JlaH/],ay B H0CT05IH- 
HOH TOHKOH CTpyKTypbl CB5I3aH C (JiepMHOHHblMH HeTJI5IMH H He HMeeT HeHOCpefl- 

CTBeHHoro OTHomeHH5i K HCCjie^yeMOMy naivin npe^ejiy MO^ejin, b KOTopoM mm 
HpeHe6peraeM flHHaMHHecKHMH cJ^epMHonaMH. Bjiaro^apsi nojirocy Jlan^ay ne- 
penopMHpoBaHHaH A 3aHyjiHeTC5i h e/],HHCTBeHHbiH choco6 yflep>KaTb ee paBHoii 

ee H3Mep5ieMOMy 3HaHeHHK) 3aKJIK)HaeTC5I B TOM, HTO Heo6xOflHMO HajIO>KHTb 

orpaHHHeHHe CBepxy na yjibTpa4)HOJieTOBoe o6pe3aHHe A. B nacTHOCTH, npn 
3HaHeHHHx Maccbi Xnrrca Gojiee 800 FsB A < 1 TsB, a npn Mh ~ 300 FsB 
A < 1000 TsB. ripn Mh ~ 200 FsB 3HaHeHHe A npaKTHnecKH OKa3biBaeTC5i 
Heor paHHHeHHbiM . 

OH3HHecKa5i niKajia (|)HKCHpyeTCJ5 naMH, Hcnojib3y5i Maccy Z-6o30Ha 
M^^^^ ~ 90 FsB. Tor^a fljinna peGpa pemcTKH paBHa a ~ [90GeV]^^M^, r^e 
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Mz - 9T0 Macca Z 6o30Ha b pemeTOHHbix eflHHHLi;ax. BnyTpn 4)H3HHecKOH 4)a3bi 

TeOpHH JTHHHH nOCTOHHHOH 4)H3HKH (JTIIO) OnpeflejI5IK)TC5I KaK COOTBeTCTByiO- 
nOCT05IHHbIM nepeHOpMHpOBaHHbIM 4)H3HHeCKHM nOCTOaHHblM. (nOCTOHH- 

Haa TOHKOH CTpyKTypbi a, yroji BaHH6epra 6\Yj h OTHomeHne Maccbi Xnrrca 
K Macce Z-6o30Ha 77 = Mh/Mz). Tohkh JIIIO napaMeTpn3yiOTC5i ajiuhoh pe6- 
pa pemeTKH. Upn yBejiH^ennH yjibTpa4)HOJieTOBoro o6pe3aHH5i npn flBHJKennH 
Bflojib JinO, cooTBeTCTByioineii peajiHCTH^ecKHM 3Ha^eHH5iM a, 9w^ h 77 npoHC- 
xo;];ht npH6jiH>KeHHe k 4)a30BOMy nepexo^y ueyKpj (^wsnHecKOB. 4)a3oii h He4)H- 

3HHeCK0H 4)a30H. 

6.2 OnHcaHHe pemeTOHHoii MO^ejiH h ^peBecHoe npnGjiH- 
:aceHHe 

HnjKe Hcnojib3yiOTC5i cjieflyiomHe pemeTOHHbie nepeMennbie: 

1. KajiH6poBOHHoe nojie U = (17,9), r^e 

^ = ( [^^ii]. ) e SC/(2), e f/(l), (6.1) 

onpe^ejieHHoe Ha jiHHKax pemeTKH. 

2. CKajiHpHbiH fly6jieT 

a = l,2. (6.2) 

^eiicTBHe mm paccMaTpHBaeM b cjieflyK)H],eM BH/],e 

= /5 E ((l-|Tr[/,) + -^(l-cos^,)) + 

plaquettes ^6 

-7E^e($+t/,,e^^-$) + Ed^.l' + A(|$.P - 1)'), (6.3) 

xy X 

rfle HjiaKeTHbie nepeMennbie onpeflejiiiioTCii KaK Up = UxyUyzU^JJ*^^^ n 9p = 
^xy + ^yz — 9wz — 9xw flJi^ HjiaKeTax, cocTaBjiennbix h3 ToneK x^y^z^w. Sflecb 
A - HOCT05iHHa5i CKaji5ipHoro HOJia, H 7 = 2/t:, r^e ti cooTBeTCTByeT KoncTanTe, 
HcnojibsyeMOH b npe/],biflyn],Hx nccjieflOBannHx SU (2) MOflejin Xnrrca. 9w - yroji 
BannGepra. SaxpaBonnaii nocTOiinnaii TonKoii CTpyKTypbi a BbipajKaeTCii nepe3 
13 H 9w KaK 

"-7r^(l+tg2M' ^ ^ ^ 
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riepeHopMHpoBaHHbiH yroji BaiiHSepra flOJi>KeH Bbipa>KaTbC5i Hepes OTHome- 
HHe pemeTOHHbix Mace: cos 6w = Mw/Mz- nepeHopMnpoBaHHaa nocTOHnnaH 

TOHKOH CTpyKTypbl flOJI>KHa 6bITb HSBJIGHeHa H3 nOTGHI^Hajia 6eCK0HeHH0 T5l7Ke- 
JlblX BHeniHHX 3ap5I>KeHHbIX HaCTHII,. 

PemeT0HHa5i Mo^ejib c fleftcTBHeivi (16.31) HccjieflOBajiacb bo mhophx pa6oTax. 
ripH 3T0M 6ojibmHHCTBO H3 HHx HMejio flfijio c SU (2) MOflejibK) Xnrrca, to ecTb 
npH 6w = tt/2. CncTeMa c npoHSBOJibHbiM 6\y HHCJieHHO HCCJie/],OBajiacb npn 

He4)H3HHeCKH SojIbHIOM SHaHeHHH Q; B [3] . 

ripH KOHGHHOM A flJI5I TOrO, HTo6bI HCCJieflOBaTb JIHO Heo6xOflHMO MeH5ITb 

A oflHOBpeMeHHO c 7 p^jisi Toro, HTo6bi y^epjKaTb OTHomeHHe Mace Mh/Mw 

nOCTOHHHblM. B flpCBeCHOM npH6jIH>KeHHH JinO COOTBCTCTByeT nOCT05IHHbIM 

saTpaBOHHbix {3 h 9w- 

flpeBecHoe npnGjiHJKeHHe b pemeTOHHOii TeopHH nojiyHaeTCsi cjie;];yioinHM 
o6pa30M. Mbi nepeonpe/],ejiHeM CKajiapnoe nojie KaK $ = \f^^ ^ nojiy^aeM: 



5 = /3 E ((l-|Tr[/,) + -^(l-cos^^)) + 

plaquettes ^E 



+ E l^x - U,ye''^y^y\' + E(r l^.r + + (6-5) 

xy X 

vjxe 11^ = -2(4 + (2A - l)/7), A = 4:^, h w = A^. S^ecb V = x Nt - 
oS^beM pemeTKH, L - npocTpaHCTBeHHbift pasMep, Nt - pa3Mep no nanpaBjieHHio 
MHHMOrO BpeMeHH. 

J\jm OTpHii,aTejibHbix /i^ Mbi 4)HKCHpyeM yHHTapnyio KajiH6poBKy $2 = 0, 
Im$i = 0, H BBOflHM BaKyyMHoe 3HaHeHHe $: -u = a/^-u = HpH stom 

^ ^ V2A 

BaKyyMHoe 3HaHeHHe noji5i $ o6o3HaHaeM v. Mbi TaK>Ke bbo/i,hm CKaji5ipHoe nojie 
a BMecTO $: $1 = {; + cr. 06o3HaHHM V^y = {UlyC^^'^y — 1), h nojiynaeM: 



5 = ^ E ((l-|Tr[/,) + -^(l-cos^,)) 

plaquettes ^6 "VF 



+ E(K - cTyf + |K,| V) + E 2|/i| V2 

xy X 



+ E((f^J + 2wy)|Ky|2 - 2((j^ - (jy)ReKyK + v)) + 



+ EAa^((T^ + 4w,)+cD, (6.6) 

X 

rfle w = a; — A-y^F. 
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Tenepb mbi jierKO nojiyHaeivi flpeBecHbie OLi,eHKH: 



V 

Mh 
Mz 

7c 
Mw 
Mh/Mw 



,7 - 7c 



= V 
= V. 

1 



8A 



7 

2A 



= cosOwMz 



A = 



\ 27(7 - 7c) 



[80 GeV]: 



(6.7) 



nOCT05IHHa5I TOHKOH CTpyKTypbl fl^aCTCil (jDOpMyjIOH (16.81) H /],OJI>KHa SaBHCeTb 

OT A H 7. Hs (16.71 ) nojiy^aeM, hto JIHO na /],peBecHOM ypoBHe cooTBeTCTByeT 
4)HKCHpoBaHHbiM (3 = ^^(^^f^g)^^) ~ 10 H ?7 = Mh/Mw, h ^aeTcsi ypaBHeHHeivi 

Ml) = ^y- 



TTa{l+tg^0w) 

Ba^KHbiH HacTHbiii cjiynaH - sto A = oo, Kor^a flpebecHbie ou^enKn ^aiOT 



Mh 
Mw 

Mz 



00; 

7 -1/, 
-cos fc/w^; 



A = 



7T^ 

7 



[80 GeV]: 



(6.8) 



B SU{2) MOflejiH Xnrrca p^jisi A << 0.1 flpebecHbie oi],eHKH ^jih Mh/Mw fl,^- 
K)T 3HaHeHH5i, KOTopbie OTjiHHaiOTCH OT nepeHopMHpoBaHHoro OTHomeHH5i npH- 
MepHO Ha 20% fM]. ^peBecnasi oii,eHKa p^jiii yjibTpa4)HOJieTOBoro o6pe3aHH5i oko- 
jio 1 TsB npH A = oo,7=l,/3=15 6jiH3Ka k Hameiviy HHCjieHHOMy peayjibTaTy. 
B SU{2) MOjiejin XHrrca npn A = oo KpHTH^ecKoe 7^ = 0.63 p^ji^i (3 = 8 [17]. 
B 3T0H TOHKe flpeBecHaH oii,eHKa ^aeT A = 900 FsB b to BpeMa, KaK np^Mbie 
H3MepeHH5i flaiOT A e [850; 1500] TsB aji5i 7 G [0.64; 0.95] |I7]. 
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ripH KoneHHOM A HMeeM oii,eHKy ^jih KpHTHnecKoro 7: 7^ = (1 — 2A)/4. HpH 
MajiOM A 3Ta (|)opMyjia ^aeT snaHeHHsi, 6jiH3KHe k pesyjibTaTaivi HHCJiennbix 
pacHeTOB [IS], [IS, [IZ]. B HacTHOCTH, 7c — > 0.25 — ^ 0.125) npn A << 1. 
OflHaKO, 3Ta 4)opMyjia 5ibho hg pa6oTaeT np A > 1/2. Hs [IHl [13, [ISl [IZ] mm 
3HaeM, HTO KpHTHHecKoe SHaneHHe b SU (2) MO^ejiH Xnrrca b 2 — 4 pasa Menbine 
flji5i A = 0, HeM fljia A = 00. 

HpH A < 1/2 flpeBecHbie oi],eHKH npe^CKasbiBaiOT, hto yjibTpacJiHOJieTOBoe 
o6pe3aHHe BospacTaeT B^ojib JinO c yMenbineHHeM 7, npHHeM b TOHKe nepe- 
xofla OHa CTaH0BHTC5i 6ecK0HeHH0H. TeM caivibiM ^peBecHoe npH6jiH>KeHHe npe/i,- 
CKasbiBaeT cymecTBOBaHHe 4)a30Boro nepexo^a BToporo po^a. O^HaKO, 6jiaro- 
flap5i HenepTyp6aTHBHbiM 34)4)eKTaM STa KapTHHa MO>KeT MO^HcJ^Hi^HpoBaTbCH. 
A HMeHHO, 4)a30BbiH nepexofl, MO>KeT Bbipo>K/],aTbC5i b KpocoBep. 

6.3 Mhcjighhog HCCjie/],OBaHHe MO^ejim npn 9]y = 7r/6, 
Mh ^ 150 TaB, a - 1/150 

Hhjkg H3JiaraiOTC5i pe3yjibTaTbi HHCjieHHoro HCCJieflOBaHH5i pemeTOHHoft mo- 
flejiH BaHHGepra - Cajiaivia 6e3 ^HHaMKHecKHx 4)epMH0H0B 9w = tt/G, 
Mh ~ 150 FsB, a ~ 1/150. Hpn stom mbi noKa3biBaeM, hto b OKpecTHOCTH 
nepexofla ivie^K^y (|)H3HHecK0H h He4)H3HHecKOH 4)a3aMH cymecTByeT 4)jiyKTya- 
Li,H0HHa5i o6jiacTb, rfle 4)jiyKTyaD,HH CKajiapHoro nojia 3HaHHTejibH0 yBejiHHHBa- 
IOTC5I. MoHonojiH HaM6y MoryT pacMaTpHBaTbC5i KaK 3apoflbimH He4)H3HHecKOH 

4)a3bl BHyTpH 4)H3HHeCKOH. Mbl BbMCHHJIH, HTO B 4)JiyKTyaiI,H0HH0H o6jiaCTH 

paccT05iHH5i Me>Kfly MOHonoji5iMH HaM6y CTaHOB5iTC5i cpaBHHMbi c Hx pa3Me- 

paMH. 3t0 CBHfleTejIbCTByeT O TOM, HTO B 3T0H 06jiaCTH TeOpHH B03MyiHeHHH 

BOKpyr TpHBHajibHoro BaKyyMa MO>KeT OKa3aTbC5i HenpHMeHHMa. PaccMaTpn- 
BaiOTCH pemeTKH 8^ x 16, 12^ x 16, 16^, 16^ x 32. MaKCHMajibHoe 3HaHeHHe 
yjibTpa4)HOJieTOBoro o6pe3aHH5i b (|)H3HHecK0H 4)a3e, BHe OjiyKTyan,H0HH0H 06- 
jiacTH, KOTopoe Mbi MO>KeM nojiyHHTb Ha 3THX pemeTKax ne MO>KeT npeBbiCHTb 
3HaHeHH5i A ~ 1 TaB. B to >Ke caivioe BpeM5i Teopnsi B03MymeHHH npe/],CKa3bi- 
BaeT, HTO 6jiaroflap5i nojiiocy JlaH^ay b KOHCTaHTe caMOfleftcTBHsi CKaji5ipHoro 
noji5i MaKCHMajibHO flonycTHMoe 3HaHeHHe yjibTpacj^HOJieTOBoro o6pe3aHH5i cy- 
mecTBeHHO Bbime. 
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Xopomo HSBecTHO to, hto b pHfle (|)eHOMeHOJiorHHecKHx MOflejieft, onncbiBa- 
lOinHx KOHfleHCHpoBaHHbie cpeflbi, cymecTByeT OKpecTHOCTb KoneHHOTeMnepa- 
TypHoro 4)a30Boro nepexo^a, HasbiBaeiviasi 4)jiyKTyaii,H0HH0H o6jiacTbK), b ko- 
Topoii 4)jiyKTyaii,HH napaivieTpa nop5i/],Ka CTaHOB5iTC5i GojibniHMH. BKjia/i, sthx 
4)jiyKTyaii,HH b TepMOflHHaMHHecKHe BejiHHHHbi CTanoBHTCH 6ojibme, hqm BKjia/i, 
flpeBecHoro npH6jiH>KeHH5i. TaKHM o6pa30M, Teopusi BOSMymenHft b stoh o6- 
jiacTH HenpHMeHHMa. O^hhm hs npHMepoB TaKHx Mo^ejieft 5iBji5ieTCfl Mo^ejib 
rHH36ypra - Jlan^ay, onHCbmaioinasi CBepxnpoBOflHMOCTb. 

Hame ochobhog npeflnojio>KeHHe saKjiiOHaeTCsi b tom, hto pemeT0HHa5i mo- 
flejib BaHH6epra - CajiaMa cxoflna c ynoM^^HyTbiMH Bbime 4)eHOMeHOJiorHHecKHM 
MOflejiHMH B TOM CMbicjie, HTO B Heii TaK>Ke cymecTByeT OKpecTHOCTb nepexofla 

MeyKflJ XHrrCOBCKOH (|)a30H H Hecj^HSHHeCKOli CHMMeTpHHHOii 4)a30H, KOTOpyK) 
MO>KHO HaSBaTb 4)JiyKTyai],H0HH0H 06jiaCTbK). B COOTBGTCTBHH C HHCJieHHblMH 

pesyjibTaTaMH pemeTOHHaa MO^ejib npH6jiH>KaeTC5i b nenpepbiBHOH npn flBH>Ke- 
HHH Ha ee (JiasoBoft ^HarpaMMe b^ojib JIHO npn yMeHbineHHH fljiHHbi pe6pa 
pemeTKH. B cootbgtctbhh c HiicjieHHbiMH pesyjibTaTaiviH sto /],BH>KeHHe Bj\ojih 
JinO cooTBeTCTByeT npH6jiH>KeHHK) K TOHKG nepexofla ueyKpy 4)H3HHecKOH [rpfi 
CKOH^eHCHpoBaH Xnrrc) h necJiHSHHecKOH (^as&MR. TaKHM oSpasoM, HMeHHO npn 
npH6jiH>KeHHH K 4)jiyKTyan,H0HH0H o6jiacTH h BOSHHKaeT HenpepbiBHaa 4)H3HKa. 
B 3T0H o6jiacTH, KaK Mbi nojiaraeM, Teopna BOSMymeHHft He MO>KeT Gbitb npHMe- 
HHMa. TaKHM o6pa30M, Bonpoc o nepexo^e k HenpepbiBHoii TeopHH HeoGxo^HMO 
BKjiK)HaeT B ce65i HenepTypGaTHBHoe Hccjie^OBaHHe. 

KaK y>Ke roBopHjiocb Bbime, corjiacHO o6menpHH5iTOH tohkg 3peHH5i, Bepx- 
HHH npe^eji yjibTpa4)HOJieTOBoro o6pe3aHH5i A b 3jieKTpocjia6oH TeopHH saBH- 
CHT OT Maccbi Xnrrca. Oh yBejiHHHBaeTC^^ c yMenbrneHHeM Maccbi Xnrrca. Hpn 
Macce Xnrrca okojio 1 TsB A CTanoBHTCH nop5i/],Ka Mh. B to >Ke BpeM5i 
Mh ~ 200 Gev snaHeHHe A mo^kct 6biTb hohth 6ecK0HeHHbiicl- 3tot bbibo/], 
6biji cflejiaH Ha ochobg TeopHH B03Myni,eHHH. 

Mbi BbiHHCJiHeM 34)4)eKTHBHbiH HOTeHH,Haji y(|$|) fl^jiii U0J151 Xnrrca $ Tpe- 

M5I paSJIHHHblMH CHOCo6aMH. B (JiHSHHeCKOH (J^aSe 34)4)eKTHBHbIH HOTeHH,HajI 

Bcex Tpex BHflOB HMeeT MHHHMyM HpH HCKOTopoM HCHyjieBOM SHaHeHHH 0^ no- 
|$|. 9to HOKasbmaeT Hajinnne cnoHTanHoro HapymeHH5i CHMMeTpHH, KaK 



^3^ecb He paccMaTpHBaeTca orpaHHHeHne na Maccy XHrrca CHHsy, KOTopoe CBasano c npo6jieMoii CTa- 
6hjiijH0cth BaKyyMa h c (J^epMHOHHbiMH neTjisMH. 
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Phc. 6.1: OaaoBaa ^HarpaMMa Mo^ejiH b hjiockocth (7, A) iipn /3 ~ 12. HynKTHpHaa jihhha - 
flpeBecHaa oii,eHKa fljia jihhhh nocTOflHHofi 4)H3hkh, cooTBeTCTByioiii,eH saTpaBOHHoii = 
270 FsB. HenpepbiBHaa jihhha - jihhha nepexo^a MejKfly 4)H3HHecKoii XnrrcoBCKoii 4)a30H 

H He4)H3H^eCKOH CHMMeTpHHHOH 4)a30H. 

OHO H flOJi>KHO 6biTb. Ofl^HaKO, cymecTByeT OKpecTHOCTb 4)a30Boro nepexo^a, b 
KOTopoii 4)jiyKTyaii,HH uojisi Xnrrca CTaH0B5iTC5i SHaHHTejibHbiMH, h yKasaHHbie 
TpH noTeHLi,Hajia ^aiOT pasHbie SHaneKHH ^jih BaKyyMHoro SHanenHH Mbi 
o^KHflaeM, HTO B 9T0H o6jiacTn Teopnii BOSMymeHHii BOKpyr TpHBHajibHoro Ba- 
KyyMa $ = (0^, 0)"^ MOJKeT 6biTb nenpHMenHMa. Mbi nasbmaeM sxy o6jiacTb 
4) jiy KTyaLi;HOHHoii . 

Hame npeflnojio^Kenne TaKJKe noflTBep>KflaeTC5i HsyneHHeM KBaHTOBbix mo- 

Honojieii HaM6y, KOTopbie no cyTH 5ibji5ik)tc5i sapoflbimaMH Hecj^HSHHecKoii 4)a3bi 

BHyxpH 4)H3HHeCKOH (BHyxpH HHX \^\ = 0). Mbl BHflHM, HTO HX HJIOTHOCTb paC- 

TeT npH npH6jiH>KeHHH k 4)a30BOMy nepexo^y (KpoccoBepy) . BnyTpn cJ^jiyKTya- 

Li;HOHHOH 06jiaCTH (3>0) 9TH o6'beKTbI paCnOJIOJKeHbl CTOJIb njIOTHO, HTO HeB03- 

M05KH0 Boo6iii;e roBopHTb o HHX, KaK 06 OTflejibHbix 06'beKTax. A HMeHHO, cpefl- 
Hee paccTOHHHe ueyKpy hhmh CTanoBHTCH nop^flKa hx pa3Mepa. Pa3yMeeTC5i, 
TaKHe K0H4)Hrypaii,HH ne MoryT HMeTb HH^ero oGmero c TpHBHajibHbiM Baxyy- 

MOM TeOpHH B03MyiII,eHHH. 

Hama OLi;eHKa MaKCHMajibHoro 3HaHeHH5i yjibTpa4)HOJieTOBoro o6pe3a- 
HH5I, KOTopoe flocTHraeTCii na rpaHHLi;e 4)jiyKTyaLi;H0HH0H o6jiacTH, - okojio 1 
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TsB. 

6.3.1 OasoBaa ^narpaMMa 

B HameM HCCJieflOBaHHH mm 4)HKCHpyeM saTpaBOHHbift yroji BaHH6epra paBHbiM 
30°. CHMyjiHLi,HH npoH3BOflHjiHCb Ha pemeTKax pasMepa 8^ x 16, 12^ x 16, 16^. 
TaK>Ke npoHSBOflHjiacb npoBepxa psifl^a pesyjibTaTOB na pemeTKe 16^ x 32. 

Ha TpexMepHOH 7, A) 4)a30BOH ^HarpaMMe noBepxHOCTH (|)a30Boro nepe- 
xofla /],ByMepHbi. JIHO b /],peBecHOM npH6jiH>KeHHH - sto jihhhh = g^^r- = 
const; (5 = = const). Mbi nojiaracM, hto OTKjiOHGHHe JIHO ot flpcBecHoro 
npH6jiH>KeHH5i b6jih3h 4)a30Boro nepexo^a MoryT 6biTb 3HaHHTejibHbiMH. O^na- 

KO, KaHeCTBCHHO HX nOBeflCHHe 0CTaeTC5I TCM >Ke. A HMCHHO, yjibTpa4)HOJieTOBoe 

oSpesaHHC pacTCT c yGbiBaHHCM 7, h ero MaKCHMajibHoe 3HaHeHHe /],0CTHraeT- 
C5i B TOHKe nepexofla. HjiOTHOCTb MOHonojieft HaiviGy b pemeTOHHbix e/],HHHij,ax 
TaK>Ke pacTGT B^ojib JinO c pocTOM yjibTpa4)HOJieTOBoro o6pe3aHH5i. 

ripH (5 = 12 4)a30Ba5i flHarpaMMa npeflCTaBjiena na pnc. 16.11 OH3HHecKaH 
4)a3a Xnrrca pacnojio^Kena cnpaBa ot jihhhh nepexo^a. Hojio^KeHHe nepexo^a 
jiOKajiHsycTCH necKOJibKHM pa3JiHHHbiMH CHOCo6aMH. ripH 3T0M Ha pemeTKax 
paccMOTpcHHoro pasMepa sth tohkh ne coBHa^aiOT flpyr c flpyroM b npe^ejiax 
CTaTHCTHHecKoii HorpeniHOCTH, hto yKa3biBaeT na to, hto paccMaTpHBaeMbiii 
nepexo/i, 5iBji5ieTC5i KpoccoBepoM. Cjieflyioni,a5i HepeMennaH mojkct paccMaTpn- 
BaTbC5i KaK nojie Z 6o30Ha: 

Z.y = = -Sin [Arg($Jt/,,e^^-$,)]. (6.9) 

CjieflycT OTMCTHTb, HTO nepeHopMHpoBaHHaH Macca Xnrrca ne OTKjiOH^^eTCsi 
cymecTBCHHO OT ee 3aTpaBOHHoro sno-Henw. Hanpniviep, ^jih A = 0.0025, 7 = 
0.261 HMecM Mff = 170 ± 30 TsB (3aTpaBOHHoe 3HaHeHHe M^j ~ 150 FsB). 

6.3.2 yjibTpacJjHOJieTOBbiit scJxJ^eKTHBHbiH noTeHi],Haji CKajiapHoro 
nojiH 

34)4)eKTHBHbm noTCHi^Haji p^jisi snanenw CKajiapnoro nojia b HCKOTopoft (|)hk- 

CHpOBaHHOli TOHKG npOCTpaHCTBa - BpeMCHH |$a;| Mbl BbIHHCJI5ieM, HCnOJIb3y5I 

rHCTorpaMMHbiH mcto/i,. BbiHHCjieHH5i npoBOflHjiHCb Ha pemcTKe 8^ x 16. Cyme- 
CTBCHHoro 0TJIHHHJ5 OT nojiyHCHHOH (JiopMbi noTeHi],Hajia He o6Hapy>KeHO TaK>Ke 
H Ha pemeTKax 6ojibmero pasMepa. Bepo5iTHOCTb h{(j)) o6Hapy>KHTb 3HaHeHHe 
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Phc. 6.2: 34)4)eKTHBHi>iit noTeni^Haji npn A = 0.0025 k /3 — 12. KpecTti h HeiipepbiBHaa 

JIHHHfl COOTBeTCTByiOT 7 = 0.262. TpeyrOJIBHHKH COOTBeTCTByiOT 7c = 0.26. CTaTHCTHHeCKHe 

HeonpeflejieHHOCTH - nopfl^Ka paaiviepa chmbojiob. 



\^x\ B HHTepsajie [(f) — 0.05; + 0.05) BbiHHCJi5iJiacb ji^ji^i (f) = 0.05 + * 0.1, 
= 0,1,2,... 3Ta BepoOTHOCTb CBsisana c scj^cj^eKTHEHbiM noTeHii,HajiOM Kax 
h{(j)) = (f)^e~^^'^\ TaKHM o6pa30M, mm HSBjieKaeM noTeHLi,Haji h3 h{(j)) kq,k 

= -\ogh{(f)) + 31og0 (6.10) 

Cjie/],yeT OTMexHTb, hto h{0.05) BbiHHCJi5ieTC5i KaK BepoHTHOCTb o6Hapy:>KHTb 
3Ha^eHne HHTepBajie [0; 0.1]. BnyTpn SToro HHTepBajia log0 njioxo onpe^e- 
jien. IIoBTOMy mm HCKjiio^aeM TO^Ky = 0.05 h3 naniHx flannbix. BMecTO SToro 
MM BbmncjiiieM 1^(0) Hcnojibsyii 9KCTpanoji5iLi;Hio flannbix npn 0.15 < < 2.0. 
3KCTpanoji5ii];H5i npoHSBOflHTCH c HcnojibsoBaHHeM nojiHHOMHajibHoro 4)HTa co 
CTeneH5iMH BnjiOTb TpeTbeii (cpe^Hee OTKjiOHGHHe 4)HTa ot flaHHbix - okojio 
1 npoLi;eHTa). flajiee, mm bbo^hm BejiHHHHy H = V{0) — 1^(0^), KOTopyio nasbi- 
BaeM BbicoTOH 6apbepa (s^ecb 0^ - 9to to SHaHenne, npn KOTopoM V flOCTnraeT 

MHHHMyMa). 

B HyjieBOM nopHflKe xeopHH BOSMymeHHH BbmncjiHeMbm yjibTpa4)H0JieT0Bbm 
94)(^eKTHBHbm noTeHLi;naji HMeeT bh^ 

= 20^(0) 

Sflecb N - oSt^gm pemeTKH, h noTeHii,Haji K)KaBbi npn nyjieBOM paccTOHHHH o6o- 
sna^eH Gmjj(O) = J2p{4sin'^p/2 + mjj)~^. J^ajKe na 6ecK0HeHH0H pemeTKe 9to 
sna^eHHe ocTaeToi Koiie^inbiM. 3to osna^aeT, hto yjibTpa4)H0JieT0Bbie (J)jiyK- 
TyaLi;HH (50 = y^Grn^ (0)/7 BbipajKeHHbie b pemeTOHHbix ej^viwi^ax ocTaiOTCH 
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KOHe^HbiMH. Kor^a ^msm^ecKmrn 06'i.eM pemexKH yflep^KHsaeTCii nocTOHHHbiM 
Na^ » M]j^ B TO BpeM5i, kek jxRvmo. pe6pa pemeTKH CTpeMHTCH k nyjiio, h 
mu = Mfftt — > (sflecb Mjj - Macca XHrrca b FsB, a - fljinna pe6pa pemeTKn), 
SHaneHHe Gmni^) ocTaeTca KoneHKbiM. Tax mbi npHxoflHM k o6biHHOMy npe^- 
CKasaHHK) HenpepbiBHOH Teopnn 6<^^y^ = sj G^^i^ [Q) / ~ A = |, tj\q (jf^^^ - 
CKajiapHoe nojie, BbipajKennoe b 4)H3H^ecKHx eflHHHLi;ax, a G^mI^{x) - nponara- 
Top B 4)H3H^ecKnx ej\mim\&x. (s^ecb, Bnpo^eM, b pemeTO^Hoii peryjiiipHsai^nH) . 
TaKHM o6pa30M, Ha ypoBHe TeopnH BOSMymeHHH paccMaTpHBaeMbift yjibTpa(|)H- 
ojiGTOBbiH noTeHii,Haji nosBOJi^eT BbiHHCJiHTb BaKyyMHoe snaHeHHe CKaji5ipHoro 
noji5i KaK nojiojKeHHe MHHHMyMa SToro noTeHLi,Hajia. Cjie^yeT OTMexHTb, oflna- 
KO, HTO 9T0 yTBep5K;];eHne MO^KeT noKasaTbCii necKOJibKO CTpannbiM, nocKOJibKy 
KOHflGHcaT ecTb no CBoeft npnpofle Bejin^Hna HH4)paKpacHa5i. TeM ne Menee, na- 
niH pesyjibTaTbi noKasbmaiOT, hto b rjiy6HHe 4)H3HHecKOH 4)a3bi, fleiiCTBHTejibHO 
BbmHCJi5ieMoe TaKHM o6pa30M BaKyyMHoe SHaneHHe CKajiapHoro nojia otjihhho 

OT HyjI5I, B to BpeM5I, KaK B TJiySHHe He4)H3HHeCKOH 4)a3bl OHO paBHO HyjIK). 

SnaHeHKH 0^ h H yBejiHHHBaroTCH c pocTOM 7. Hpn 7 < 0.26 MHHHMyM ho- 
TeHn;Hajia flocTHraeTca npn = 0. 3Ta TO^Ka cooTBeTCTByeT TaKJKe MaKCHMyMy 
4)jiyKTyaD;HH nojiii Hx = Ey Z^y^ paccMaTpHBaeMoii fljiH 4)HKCHpoBaHHOH tohkh 
npocTpancTBa - BpeMenn. HpH 7 > 0.26 MHHHMyM HOTeHH;Hajia Ha6jiiOflaeTC5i 
HpH 7^ 0. 9th jiaHHhie yKasbmaiOT na TOHKy 7c = 0.26 KaK na nojio^Kenne 
Hepexo/],a ueyKflj ^ByMS 4)a3aMH. 

Ba>KHO HOHHTb, KaKHe 3HaHeHH5I BblCOTbl 6apbepa 51BJ151K)TC51 GojIbHIHMH, a 

KaKHe - HeT. Hame npefljio^Kenne - cpaBHHBaTb H = V{0) — V{(f)m) c i^fiuct = 
V{(f)m + - V{4)m), rfle 6(f) - sto 4)JIyKTya^HH |$|. 

Cym,ecTByeT 3Ha^eHHe 7 (mm nasbmaeM ero 702) TaKoe, hto npn 7c < 7 < 7c2 
BbicoTa 6apbepa H - Hopa^Ka iffluct b to BpeMH, KaK fljia 7c2 << 7 BbicoTa 
6apbepa 3HaHHTejibH0 npeBbimaeT -fffiuct- rpy6a5i ou;eHKa SToro HceBflOKpnTH- 
HecKoro 3HaHeHH5i: 7^2 ~ 0.262. 

OjiyKTyaH,HH hojih |$| mo>kho on,eHHTb KaK 6(f) ~ 0.6 flJiH Bcex paccMaTpn- 
BaeMbix 3Ha^eHHH 7 npn A = 0.0025, f3 = 12. H3 namnx ^annbix cjie^yeT, hto 

(f>m » 6(f) HpH 7c2 << 7 B TO BpeMH, KaK (f)^ ~ 6(f) HpH 7c2 > 7. 

To, HTO (J)jiyKTyaH;HH CKajiapnoro hojih OKa3biBaiOTC5i cpaBHHMbi c ero Ba- 
KyyMHbiM 3HaHeHHeM b o6jiacTH 7c < 7 < 7c2 yKasbmaeT na to, hto o6biHHa5i 
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TeopHH BOSMymeHHH BOKpyr TpHBHajibHoro BaKyyivia cnoHTaHHO HapymeHHOii 
TeopHH MO>KeT 6biTb HenpHMeHHMa b stoh o6jiacTH. ^ajiee mbi npHBe^eM Tax- 
>Ke H HHbie yKasaHHsi na sto. 



6.3.3 MncJjpaKpacHbiH scJjcJjeKTHBHbiH noTeHii,Haji 

yjibTpa4)M0JieT0BbiH noTeHi],Haji, onHcaHHbm Bbime, onpe^ejisieTCfl KaK 

exi3(-y"-^(0)) =< (5(0 - |$,|) > (6.12) 



TaK>Ke B yHHTapHOH KajiH6poBKe $ = 

HHcj^paKpaCHblH 34)4)eKTHBHbIH nOTeHIJ,HajI 



V 



h 




E R MO>KHO onpe^ejiHTb h 



exp{-W-^{<P))=<S{(t^-\j^Y.hx\) >, (6.13) 

rfle - HHCjio tohck pemeTKH. 

Tenepb, oflnaKO, npncyTCTByeT ocTaTOHHasi Z2 KajiH6poBOHHa5i HHBapH- 
aHTHOCTb hx — > {—l)^^hx, Z ^ [Z + 7Tdn]mod27T, r^e Z^y = Zf^ = 
— [Arg($+t4ye*^^2^$y)] - nojie Z - 6o30Ha. JJ^jisi Toro HTo6bi npH/],aTb CMbicji 
noTeHLi,Hajiy Heo6xoflHMO STy ocTaTOHHyio KajiH6poBOHHyio HHBapHaHTHOCTb sa- 

4)HKCHpOBaTb. 

B03M0>KHbra Cn0C06 C^ejiaTb STO - MHHHMHSHpOBaTb 

^ (1 — COS Z) — > min (6.14) 

links 

no OTHomeHHK) k yKasaHHbiM Z2 KajinSpoBonHbiM npeoGpasoBaHHHM. ^ajiee mbi 
HasbiBaeM STy KajinGpoBKy Z - BepcHeii yHHTapHoii KajinSpoBKH, a cooTBeTCTBy- 
lOinHH noTeHi],Haji ( 16.131 ) - UZ noTeHi],HajiOM. 9tot noTeHLi,Haji HivieeT MHHHMyM 
npH = 7 < 0.2575 (cm. Phc. 16.31) . Hpn 7 > 0.258 flaHHbift noTcn- 

UJiajl HMCCT MHHHMyM flJI5I HCHyjICBOrO 3HaHeHH5I (J). TaKHM 06pa30M, flaHHblH 

HOTeHn,Haji yKasbiBacT na 7^ = 0.25775 ± 0.00025 KaK na HOJio^KCHHe nepexo^a 
Me>Kfly flByM5i 4)a3aMH. 

Hhoh CHOC06 OHpe/],ejiHTb yHHTapnyio KajinSpoBKy c G R - mhhhmhshpo- 
BaTb ;],HBHpreHn,HK) Z ho OTHomenHK) k Z2 HpeoGpasoBannHM: 

Y.[6Z]'^^min (6.15) 

X 
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10.00 -J 




0.80 

phi 



Phc. 6.3: HHcJapaKpacHMH noTeHij,Haji fl6.13p UZ npn 7 = 0.2575 (KBa^paTbi) , 07 = 0.258 
(TpeyrojibHHKH); A = 0.0025 , /3 = 12. (PemexKa 8^ x 16.) 



P- 



0.00 O.bQ 



1.00 l.bO 

p h i 



Phc. 6.4: HH(|)paKpacHB.m noTeHn;Haji (I6.13P UDZ iipn 7 = 0.262 (TpeyrojibHHKH) , h npn 
7 = 0.26 (Kpyra), A = 0.0025 , /9 = 12. (PemexKa 8^ x 16.) 



J\Q.jiee Mbi HasbiBaeM STy KajinGpoBKy DZ - BepcHeii yHHTapHoft KajinGoBKH, 
a cooTBeTCTByioinHH noTeHi],Haji (16.131) - UDZ noTeHi],HajiOM. 9tot noTeHi],Haji 
HMeeT MHHHMyM npH = 7 < 7c = 0.26. HpH 7 > 7^ oh HMeeT mhhh- 
MyM npH HenyjieBOM SHaHeHHH (f) (cm. PHc J6.4p . TaKHM o6pa30M, 4)opMa SToro 
noTeHLi,Hajia MeH^eTCsi b toh >Ke TOHKe (jDasoBoii ^HarpaMMbi, hto h 4)opMa yjib- 
Tpa4)HOJieTOBoro noTeHii,Hajia. 

CjieflyeT OTMeTHTb, hto paccMaTpHBaeMbix pemeTOK pasMepa ot 8^ x 16 
flo 16^ X 32 SHaHGHiM 7c, 7^ npaKTHHecKH He MensiiOTCH. /l^peBecHoe npH6jiH>Ke- 
HHe HHcJ^paKpacHoro noTeHi],Hajia o6ohx paccMaTpHBaeMbix thhob /],aeT: 
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TaKHM 06pa30M, na OCHOBaHHH TeOpHH BOSMymeHHH OHH 06a /],OJI>KHbI MeHHTb 

CBOK) (|)opMy oflHOBpeMeHHO, B TOHKe 4)a30Boro nepexofla ueyKpy p^Byuii 4)a3a- 
MH. Tot 4)aKT, hto SToro He npoHCxoflHT, CBH^eTejibCTByeT o tom, b HeKOTopoii 
OKpecTHOCTH 4)a30Boro nepexo/],a Teopna B03MymeHHH BOKpyr TpHBHajibHoro 
BaKyyivia, cyj\5i no Bceiviy, ne mojkgt 6biTb npHMeHHivia. CaM cJ^asoBbiH nepexo/i, 

MO>KeT HBJI5ieTC5I KpOCCOBepOM. BnpOHeM, Mbl He HCKJIIOHaeM B03M0>KH0CTH TO- 

ro, HTO Ha pemeTKax 6ecKOHeHHoro pa3Mepa (|)a30BbiH nepexo^ BToporo pop^a 

MO:>KeT HMCTb MeCTO B TOHKe 7^. 

6.3.4 Cpe^Hee ^eficTBHe h 4)JiyKTyai],HH 

Ha Phc. 16.51 HpeflCTaBjienbi flannbie jihhkoboh nacTH fleiicTBHH 
477 J2xy H^UxyG^^""^ Hy (nacTb fleftcTBHsi HanSojiee HyBCTBHTejibnasi k H3y- 
nacMOMy 4)a30BOMy nepexo^y). KBa^paTbi cooTBGTCTByiOT xojio/],HOMy CTapxy 
(450000 maroB AjiropHTMa MeTponojiHca) . KpecTbi cooTBeTCTByiOT rop5iHeMy 
CTapTy (350000 maroB). Bh^ho, hto o6e jihhhh coeflHHHjiHCb. HaniH flaHHbie 
fleMOHCTpHpyiOT OTcyTCTBHe CHrnajia flByx cocto5ihhh, hto roBopHT o tom, 
HTO Mbl He HMeeM flejio c 4)a30BbiM nepexoflOM nepBoro po^a. ^annbie cpe/i,- 
Hero fleftcTBHa yKa3biBaK)T, hto b TOHKe, 6jih3koh k 7^ HMeeT MecTO pa3pbiB 

npOH3BOflHOH TepMOflHHaMHHeCKHX nOTeHI],HajIOB, HTO rOBOpHT O TOM, HTO B 

3T0H TOHKe Ha pemeTKax 6ecKOHeHHoro pa3Mepa MO>KeT HMeTb MecTO 4)a30BbiH 
Hepexofl BToporo po^a. 

OjiyKTyaH,HH hoji5i \^x\ b 4)HKCHpoBaHHOH TOHKe HpocTpancTBa - BpeMeHH 
npeflCTaBjieHbi na Phc. 16. 6[ 5Icho, hto MaKCHMyM 4)jiyKTyaH,HH ^ocTHraeTCsi npn 
3HaHeHHH 7, cymecTBeHHO 6ojibmeM, neM 7c, 7^- B to >Ke BpeM5i HH3mHe nopsifl- 

KH TeOpHH B03MyiHeHHH npeflCKa3bIBaK)T, HTO yKa3aHHbie 3HaHeHHH flOJI>KHbI 

coBna^aTb, h MaKCHMyM 4)jiyKTyaLi,HH fl0CTHraeTC5i b tohkc 4)a30Boro nepexo- 
fla. 3to 5iBji5ieTC5i eme o^hhm yKa3aHHeM na to, hto b hckotopoh okpgcthocth 
nepexofla Teopnsi B03MyineHHH HenpHMeHHMa. 

6.3.5 Maccbi h ^Jinna pe6pa pemexKH 

J\ji^ oii,eHKH Mace Z-6o30Ha h 6o30Ha Xnrrca mbi Hcnojib3yeM Koppeji^^Topbi 

4^E(E^x^y) e-^^^l^°-^°l + e-^^^(^-l^o-2^ol) (6.17) 
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0.00 

0.250 



0.255 0.260 

gamma 



Phc. 6.5: JiHHKOBaa nacTb flettcTBHa KaK 4)yHKii,H5i 7 npn A = 0.0025 , /3 = 12. XojioflHbitt 

CTapT COOTBeTCTByeT KBBflpaTaM. ropflHHH CTapT COOTBeTCTByer KpeCTaM. CTaTHCTHneCKHe 

oiuhSkh - npHMepHO paaiviepa HcnojitayeMbix chmbojiob. 




0.76 0.77 



0.28 0.2s 



Phc. 6.6: OjiyKxyai^HH 5(f) KaK 4)yHKii,Ha 7 npn A = 0.0025, f3 = 12. Kpyrn cooTBeTCTByroT 
pemexKe 8^ x 16. KpecTbi cooTBeTCTByroT pemexKe 12^ x 16. TpeyrojitHHKH cooTBeTCTByroT 
pemexKe 16^. 
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H 

UiH.Hy) - {Hf) ^ e-^^-l^°-^°l + e-^^-(^-l--°-^«l), (6.18) 

Sflecb cyMMa Y.x,y - no TpexMepnbiM KOMnoneHTaM 4 - BeKTopoB x h a xq, 
o6o3HaHaK)T Hx "BpeMeHHbie"KOMnoHeHTbi. N pasiviep pemeTKH b "npocTpan- 

CTBeHHOM HanpaBJieHHH". HpHHeiVI BCe BejIHHHHbl paCCMaTpHBaK)TC5I B BepCHH 

YHHTapHOH KajiH6poBKH, B KOTopoH fleftcTBHTejibHOG CKaji5ipHoe nojie HeOTpH- 
ii,aTejibHO. 

B pemeTOHHbix BbiHHCjieHH5ix mm Hcnojibsyeivi flBa BH^a onepaTopoB, po>Kfla- 
KDinHx 6o30H Xnrrca: = |$| h = Y.y Z'^y B o6ohx cjiy^asix onpe^ejien 
B TOHKe cyMMa - no coceflHHM TOHKaivi y. 

Hocjie 4)HKcaii,HH yHHTapnoH KajiH6poBKH ($2 = 0; $1 G IZ] $1 > 0), peme- 
TOHHasi 3jieKTpocjia6a5i Mo^ejib CTanoBHTCH pemeTOHHoii Uil) KajinGpoBOHHofi 
TeopHeii cUil) KajinGpoBOHKbiM nojieivi 

Axy = A^'^ = [Z' + 2^^y] mod 27r, (6.19) 

r^e HOBoe pemeTOHHoe nojie Z - 6o30Ha (oTjinnaioineecH ot (16.91 )) onpe;];eji5ieTCH 



KaK 

Z' = -kig{^lUxye'^^y%). (6.20) 

06biHHoe sjieKTpoMarHHTHoe nojie CBsisano c A KaK ^em = A — Z' + 
2 sin^ OwZ'. 

OnsHHecKaH niKajia flaeTC5i b Hameft pemeTOHHOH TeopHH snaHeHHeM Mac- 
Cbi Z-6o30Ha M^^^^ ~ 91 FsB. Tor^a fljiHHa pe6pa pemeTKH paBHa a ~ 
[91GeV]^^M2-, r^e Mz - iviacca Z 6o30Ha b pemeTOHHbix eflHHHLi,ax. Anajio- 

THHHbie BbIHHCJieHH5I J\J15{ A = OO 6bIJIH HaMH OHHCaHbl BblHie. BblJIO HOKaSaHO, 

HTO Macca W - 6o30Ha b OTjiHHHe OT Maccbi Mz saBHCHT OT pasMepa pemeTKH 
6jiaroflap5i HajiHHHK) 4)OTOHHoro oGjiaKa. HosTOiviy naiviH HCHOJib3yeTC5i Macca 
Z - 6o30Ha fljiH 4)HKcaH,HH mKajibi. HH>Ke mm hc nccjieflycM Maccy W - 6o30Ha. 

HamH flaHHbie noKasbmaroT, hto A = ^ = (tt x 91 GqY)/Mz Me^jieHHO pac- 
TCT c yMeHbmcHHeM 7 npn jik)6om 4)HKCHpoBaHHOM A. Mm HCCjie^OBajiH 6ojiee 
noflpoSno OKpecTHOCTb (JiasoBoro nepexo^a A = 0.0025 h /5 = 12. Bmjio 
o6Hapy>KeHO, hto npn 7 > 7^ SHaneHHe A na pemcTKax BnjiOTb j\o pasMcpa 
16^ He npcBbimacT BejiHHHHbi b necKOJibKO TsB. B to >Ke BpcMs npn 7 < 7^ 
pemcTOHHasi Macca Z - 6o30Ha hc MO>KeT 6biTb BbmHCJiena h3 - sa 6ojibmHx 
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0.20 
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0.77 



0.28 



Phc. 6.7: Macca Z - 6o30Ha b pemeTOHHbix ep^waixax npn A = 0.0025, /3 = 12. Kpyrn 
cooTBexcTByioT pemexKe 12^ x 16. TpeyrojibHHKH - 16^. Kpecxbi - pemeTKe 8'^ x 16. 

CTaTHCTHHGCKHx ohihGok b Koppeji5iTope. Ha pHC. 16.71 saBHCHMOCTb Mz B peme- 
TOHHbix eflHHHi],ax OT 7 npeflCTaBjieHa p^jisi A = 0.0025 r (5 = 12. 

B XHrrcoBCKOM Kanajie CHTyaij,H5i cjiojKHee c BbiHHCjiHTejibHoii tohkh spe- 
HH5I. Hs-sa HeflocTaTOHHOH CTaTHCTHKH Mbi He MO>KeM oi],eHHTb Maccy Xnrrca 
p^jiii Bcex paccMaTpHBaeMbix snanenw 7. B HacTO^^inHft MOMeHT nojiyneHO, hto 
AJI5I pemeTKH 8^ x 16 npn A = 0.0025,7 = 0.261 HMeeM Mh = 170 ± 30 TsB 
(saTpaBOHHoe SHaneHHe M^j ~ 150 FsB). 

B npHHii,Hne, b 3tom Kanajie MoryT BOSHHKHyTb CBHsaHHbie cocto5ihh5i flbyx 
KajiH6poBOHHbix 6030HOB. Cjiepjii npeflbi^yinHM pa6oTaM no HCCjieflOBanHio 
SU{2) MOflejiH Xnrrca (cm., HanpHMep, [18j), mbi HHTepnpeTHpyeM Maccy b 
flaHHOM Kanajie npn Majibix "BpeMeHHbix"paccT05THH5ix KaK Maccy Xnrrca h 
o>KH/],aeM uoiiBjienw Maccbi CBsisaHHoro cocto5ihh5i flByx KajiH6poBOHHbix 60- 

30H0B Ha 60JIbmHX paCCT05IHH5IX. 

B yKasaHHOH tohkc (7 = 0.261, A = 0.0025, 13 = 12) mbi co6pajiH flo- 

CTaTOHHO CTaTHCTHKH, HT06bI BBIHHCJIHTB KOppCJISITOp BHJIOTB flO "BpeMCH- 
HBIx"paCCT05IHHH Ixq — 2/o| = 4. CjieflyCT OTMCTHTB, HTO J\J151 BBIHHCJIGHHSI MaCCBI 

Z - 6o30Ha MBI 4)HTHpyeM KoppejiHTop (16.171) flji5i 8 > |a:o — 2/0I ^ 1- 
6.3.6 IlepeHopMHpoBaHHaa nocTOHHHaa tohkoh CTpyKxypbi 

fl^Jlil BBIHHCJIHH5I HepeHOpMHpOBaHHOH H0CT05IHH0H TOHKOH CTpyKTypBI aj{ = 

e^/47r {vfl^e e - sjiCKTpHHecKHH sapa^) mbi ncnojiBsycM noTeHii,Haji fl^jisi 6ec- 
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KOHeHHO T5i>Kejioro BHeniHero (|)epMHOHa. PaccMaTpHBaeTC5i KoppejiHTop flByx 

riojIHKOBCKHX JIHHHH, COOTBeTCTByiOmHX BHeniHHM npaBbiM JienTOHaM! 

C{\x - y\) = (Re Ute^'^^^'*^(^'*+'^ nte"^*^'^"'*)^,^)). (5. 21) 

noTeHii,Haji H3BjieKaeTC5i hs SToro Koppeji5iTopa cjie^yiomHM oGpasoM: 

V{R) = -hogC{R) (6.22) 

Sflecb L - pasMep pemeTKH b HanpaBjienHH MHHMoro "BpeMeHH". 

Bjiaroflap5i o6MeHy BHpTyajibHbiMH 4)0T0HaMH na 6ojibmHx paccTOHHHHx 

MO>KHO 0>KHflaTb nOHBJieHHH KyjIOHOBCKOrO BSaHMOfleiiCTBHH 

V(r) = —aRUo{r) + const, 

Sflecb - pasMep pemeTKH, pi = ^/c^, /c^ = 0, L — 1. 

OflHaKO, Ha pemeTKax KoneHHoro paaiviepa hohbjihiotcsi scj^cJieKTbi KoneHHoro 
o6T.eMa, ynoMHHaBmHec5i b Ha^ajie rjiaBbi. 3th scj^cj^eKTbi BOSHHKaiOT Gjiaroflapa 
o6MeHy BHpTyajibHbiM Z - 6o30hom, Hb5i Macca b6jih3h (JiasoBoro nepexofla - 
HMeeT HopHflOK BejiHHHHbi ~ 0.1. HosTOMy Mbi HCHOJibsyeM cjie/],yiom,HH 4)ht 
noTeHn;Hajia, KOTopbift yHHTbiBaeT sth 34)4)eKTbi: 

V(r) = -aR [Uo{r) + ^U^zir)] + const, 

UJr) = -—:7 V — . — . — . — . — - (6.24) 

^ ' iV3^sinV/2 + sin2j92/2 + sin2;P3/2 + sh2m/2 ^ ' 

Mbi H0/],CTaBji5ieM B (16.241) BbiHHCji5ieMyio HaMH Maccy Z - 6o30Ha. PesyjibTaT 
HpeflCTaBjien na Phc. 16. 8[ Ero cjie^yeT cpaBHHTb c saTpaBOHHbiM snaHeHHeM 
nocTOHHHoii tohkoh CTpyKTypbi ol^^^ ~ j^j h c oflHoneTjieBbiM Bbipa>KeHHeM 



r^e Mbi nojiaraeM saTpaBOHHoe snaHeHHe a. >KHByinHM na niKajie ~ 1 TsB, a 
nepeHopMHpoBaHHoe snaHeHHe cooTBeTCTByKDinHM 3JieKTpocjia6oH niKajie M^): 
aW(M^/lTeV)^^. 

Phc. 16.81 /],eMOHCTpHpyeT, hto nepenopMnpoBaHHasi nocT05iHHa5i tohkoh 
CTpyKTypbi BbiHHCJieHHasi yKasannbiM cnoco6oM 6jiH3Ka k oflHoneTjiCBOMy sna- 
HCHHio (Kor/i,a oGpesaHHC A b a^^^iMzj tC) - 6jih3ko k 1 TaB). 3to TaK>Ke VlOj\- 
TBep>KflaeT kocbchho npaBHjibHOCTb BbiHHCJieHHbix HaMH SHanenHH Maccbi Z - 
6o30Ha. 
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1 60.00 



O 



0.255 0.256 0.257 0.258 0.259 

gamma 



0.260 0.261 



Phc. 6.8: 06paTHaH nepeHopMHpoBaHHaa nocxoHHHaa tohkoh cxpyKTypbi KaK (|)yHKn;H3 7 
npH A = 0.0025 , /3 = 12. Kpecxbi cooxBeTCTByioT pemexKe 8^ x 16, KBa^paxbi - pemeTKe 
16^ X 32. 



6.3.7 IljioTHOCTb MOHonojieii HaM6y 

Ha Phc J6.9I mbi npe/];cTaBji5ieM njiOTHOCTb MOHonojieft HaM6y KaK (|)yHKii,HK) ot 
7 npH A = 0.0025, 13 = 12. SnaHeHHe hjiothocth MOHonojieii npn 7^ = 0.26 - 
OKOJio 0.1. B 3T0H TOHKe SHaHeHHe yjibTpa4)HOJieTOBoro o6pe3aHH5i A ~ 1.2±0.2 
TsB. 

B COOTBeTCTBHH C KJiaCCHHeCKHMH npeflCTaBJieHHHMH paSMep MOHOnOJI5I 

HaM6y - nop^flKa M^^. Tor/],a ~ 400 FsB 11 Mh ~ 150 TsB omu- 

flaeMbiH pasMep MOHonojiH - okojio 2-x pemeTOHHbix eflHHHi],. 

MoHonojibHa5i njiOTHOCTb b paiioHe 0.1 osnaHaeT, hto cpej\R 10 ToneK cy- 
mecTByiOT 4 tohkh, saHHTbie MOHonojieivi. Cpe/],Hee paccT05iHHe ueyKpy moho- 
nojij^MH, TaKHM o6pa30M, MeHbine, neu fljiHHa pe6pa pemeTKH h HeB03M0>KH0 
BOo6me roBopHTb o ^aHKbix K0H4)Hrypai],HHx KaK o npeflCTaBjiaromnx c^Rsnne- 
CKHH MOHonojib HaM6y. 

IIpH 7 = 7c2 ~ 0.262 njiOTHOCTb MOHonojieii HaM6y - okojio 0.03. 9to sna- 
HHT, HTO cpeflH 7 TOHGK HaftfleTCT oflHa, 3aH5iTaj5 MOHonojieM. CpeflHee paccTO- 
5iHHe MeyKflj mohohojisimh, TaKHM o6pa30M, - npHMepHO flBe fljiHHbi pe6pa pe- 
meTKH HJIH ~ 160 Gev " TaKHM o6pa30M, MOHOHOJIbHaH HJIOTHOCTb B 4)H3HHeCKHX 

eflHHHH,ax - OKOJIO [160 Gev]^. Mbi bh^hm, hto npn stom 3HaHeHHH 7 cpe^nee 
paccTOHHHe Me^Kflj mohohoji5imh HaM6y - HopsiflKa hx pa3Mepa. 

CyMMHpyeM yKa3aHHbie Ha6jiio;],eHH5i. BnyTpn OO paccMaTpHBaeMbie koh- 



110 



0.20 - 



0.15- 



0.1 - 



0.05 - 



0.00 




0.25 0.26 0.27 0.28 

Phc. 6.9: MoHonojibHaa njiOTHOCTt xax 4)yHKii,H3 7 npn A = 0.0025 , ^ — 12. KpecTbi 
cooTBeTCTByiOT pemeTKe 8^ x 16, Kpyrn - pemeTKe 12^ x 16, TpeyrojibHHKH - 16^. 



4)HrypaLi,HH ne npeflCTaBjiHiOT OTflejibHO pacnojio>KeHHbix MOHonojieii HaM6y. 
Bmgcto 9Toro, OHH flOJiJKHbi paccMaTpHBaTbCii KaK npeflCTaBjifliomHe co6paHHe 
njiOTHO pacnojio>KeHHbix MOHonojieii. C flpyroft CTopoHbi, npH 7 >> pac- 
CMaTpHsaeMbie K0H4)HrypaLi;HH npeflCTasjiiiiOT OTj\ejihHO pacnojiojKeHHbie moho- 
nojiH, nocKOJibKy hx pasMepbi b stoh o6jiacTH cymecTBeHHO Menbine cpeflHHx 
paccTOHHHii MeTKfly hhmh. ^pyrHMH cjiOBaMH, bhg OO BaKyyM npe^CTaBjisieT 
C060H paspejKeHHbii! ras MOHonojieii HaM6y, a BHyxpH OO - >KHflKOCTb, cocTaB- 
jieHHyK) H3 MOHonojienoflo6Hbix 06'beKTOB. 

BHyTpH Z - CTpyHbi, coeflHHHiomeH MOHonojiH HaM6y, a paBHO h BHyTpn 
caMHx MOHonojieii |$| = 0. 9to osna^aeT, hto MOHonojib HaM6y BMecTe c Z - 
CTpyHoii MOJKeT paccMaTpHBaTbC5i KaK sapoflbim He4)H3HHecKOH 4)a3bi BnyTpn 

4)H3HHeCKOH. Mbl BHflHM, HTO HJIOTHOCTb 3THX SapOflbimeH paCTGT npH UpnGjlR- 

>KeHHH K TOHKe nepcxofla. BnyTpn OO pfie 4)a3bi nepeMemanbi, hto CB5i3aHO c 
6ojibmHM 3HaMeHHeM MononojibHoii njiOTHOCTH. 

TaKHM o6pa30M, mm npHxoflHM k BbiBOfly, hto flHHaMHKa pemeTOHHOH mo- 
flejiH BaiiH6epra - CajiaMa BHyxpii OO ne HMeeT nn^ero o6iii;ero c HanBHbiMH 
npeflCTaBjieHH5iMH o BaKyyivre o6biHHoii TeopHH B03MyineHHH, r^e (|)jiyKTyai^HH 
CKaji5ipHoro ^0JI5^ BOKpyr TpHBHajibHoro BaKyyivia (KajiH6poBOHHoe nojie paBHo 
HyjiK), CKajiapHoe nojie paBHO (^tojO)-^), cymecTBeHHO Menbine 3HaHeHH5i (f)^- 
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6.4 HeKOTopbie pesyjibTaxbi ^jin /],pyrHx SHaneHHii saxpa- 

BOHHMX KOHCXaHT 

KaK y>Ke roBopHjiocb, naiviH HCCJie/],yeTC5i noflpo6HO o6jiacTb 4)a30BOH ^na- 
rpaMMbi, cooTBeTCTByiomasi saTpaBOHHbiM snaHeHHsiM [a ~ 1/150, = tt/G, 
A = 0.0025, HTO cooTBeTCTByeT Mjj ~ 150 FsB). O^HaKO, psip^ pesyjib- 
TaTOB nojiyHeH TaK>Ke cjie^yioinHx saTpaBOHHbix snaHeHHii KOHCTaHT: 
{a ~ 1/190, = 7r/6, A = oo, rj\e nepeHopMnpoBaHHaa Mh ~ 800 FsB); 
{a ~ 1/150, = 7r/6,A = 0.009,0.001, hto cooTBeTCTByeT M^j ~ 300,100 
FsB). HH>Ke Mbi KpaTKO ocTaHaBjiHBaeMCH na neKOTopbix h3 sthx pesyjibTaTOB. 

6.4.1 Mhcjighhog Hccjie^oBaHHe mo^gjih npn 9w = 7r/6, A = oo, 
15 

ripH Majibix SHaHeHHHx ^ pemeTOHHasi MO^ejib c rpynnoft SU{2) ?7(1)/Z2 
6bijia HaMH HccjieflOBana b rjiaBe 4. OasoBaa flnarpaMMa pemeTOHHoft SU (2) 
t/(l)/Z2-CHMMeTpHHH0H MOflejiH (to ecTb B MOflejiH c Z2 CHMMGTpHeH) npefl- 
CTaBjiena na pnc. I4.1[ Mo^ejib c KajiH6poBOHHOH rpynnoii SU{2) U{1) 6bi- 
jia HCCjieflOBana b [3] (TaK>Ke p^jiii Majibix (5). Ha 4)a30BOH ^HarpaMMe ecTb 
flBe jiHHHH. OflHa H3 HHx npe/],CTaBji5ieT 4)a30BbiH nepexofl KOHcj^aftHMeHT - ^e- 

KOHcJ^aHHMeHT, COOTBeTCTByiOIUHH U {1) U0J151M. ^pyra5I (rOpHSOHTajIbHaa) JIH- 
HHH Hpe/],CTaBji5ieT nepexofl mewipy (Jiasoii Xnrrca h CHMMeTpHHHoft (Jiasoft. B 
SU (2) U (l)/^2 MOflejiH o6e jihhhh BCTpenaiOTCsi, (|)opMHpy5i TpoHHyio TOHKy. 
B SU (2) U (1) MOflejiH flBe jihhhh ne BCTpenaioTcsi. B to >Ke BpeM5i b o6jiacTH 
GojibHiHx SHaneHHii cooTBeTCTByioin,eH SHaneHHsiM KoncTanT cb5I3h, nccjiepy- 
eMbiM B HacT05Hii,eH rjiaBe, (JiasoBbie ^HarpaMMbi o6eHx MOflejieii coBnaflaiOT. 

B o6eHx MOflejiHx ecTb Tpn 4)a3bi. IlepBasi pacHOJio^Kena na jieBOH CTopone 
(|)a30B0H flHarpaMMbi. B 3toh (|)a3e y/],ep>KHBaK)m,He chjibi Ha6jHO/];aiOTC5i ueyKpy 
KaK jieBbiMH, TaK H HpaBbiMH BHeniHHMH 4)epMH0HaMH. OflHaKO, 6jiaro/i,ap5i na- 

JIHHHK) CKajI5ipHOrO H0JI5I CTpyHa, COe/I,HH5HOin,a5I 3ap5I>KeHHbie HaCTHH,bI, pBGTCSI 

H yflep>KHBaiom,He chjibi HCHe3aiOT, nannnasi c neKOTopbix paccT05iHHH (cm. Fjia- 
By 4). B 3T0H 4)a3e mohohojih HaiviGy h rHHep3ap5iflOBbie mohohojih CKOH^eH- 
CHpoBaHbi. BTopasi 4)a3a pacHOJio>KeHa uoj\ ropH30HTajibHOH jiHHHeii 4)a30Boro 
Hepexo/],a h cnpaBa ot BepTHKajibHon jihhhh. B stoh 4)a3e yflep>KHBaioii],He chjibi 
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Phc. 6.10: jmJ2xvJ2u < Z!^Z^ > kslk dpjHKmis r = \xq — ?/o|. Sflecb R = 16 - pasMep 



4^6 Z-^x,y y 

pemexKH b "npocTpaHCTBeHHOM"HanpaBjieHHH. 



Ha6jiK)flaK)TCH TOJibKO MeyKflj jieBbiMH 4)epMH0HaMH. rnnepsapsiflOBbie mohoho- 

JIH He CKOHfleHCHpOBaHbl B 3T0K (Jiase, H HX njIOTHOCTb 6bicTpo y6biBaeT. 

PeajibHasi 4)H3HKa cooTBeTCTByeT 4)a3aM oGenx Mo^ejieH, pacnojio>KeHHbiM b 
BepxHeM npaBOM yrjiy 4)a30BOH flnarpaMMbi. B stoh 4)a3e hh mohohojih HaiviGy, 
HH rHnep3ap5iflOBbie MOHonojiH He CKOHflencHpoBaHbi. yflep>KHBaK)m,He chjibi ne 
Ha6jiK)flaiOTC5i. KaK 6bijio OTMeneHO b rjiaBe 4, njiOTHOCTb rHnep3ap5i/],OBbix mo- 
Honojieii HyBCTBHTejibna k U{1) nepexo^y K0H4)aHHMeHT - fleKOHcJiaftHMeHT, b 
TO BpeM5i, KaK njiOTHOCTb MOHonojien HaM6y nyBCTByeT nepexo/i, Me>Kfly Xnrr- 

COBCKOii 4)a30H H CHMMeTpHHHOH 4)a30H. riojIOJKeHHe rOpHSOHTajIbHOH JIHHHH 

nepexofla 6bijio jiOKajiHSOBano b TOHKax, r^e sanyji^ieTCii nepKOJi5m,HOHHa5i Be- 
poHTHOCTb MOHonojieH HaiviGy. 3Ta jihhhh cooTBeTCTByeT TaK>Ke MaKCHMyiviy 
4)jiyKTyaii,HH onepaTopoB ( 16.281 ) h ( 16.291 ). paccMaTpHBaeivibix b 4)HKCHpoBaHHOH 
TOHKe npocTpancTBa - BpeivieHH. 

Bee BhiHRCJienw npoBO^HjiHCb na pemeTKax jiHHeftHoro pa3Mepa ot 8 flo 16 

npH 3HaHeHH5IX /3 B OKpeCTHOCTH P = 15, HTO cooTBeTCTByeT 3aTpaB0HH0My 

3HaHeHHK) a ~ 1/190. HcKOTopbie tohkh 6bijiH npoBepcHbi na pemcTKe 24'^. B 

OCHOBHOM Mbl HC BHflHM CymeCTBeHHOH pa3HHII,bI MeTKJiy BblHHCJIHeMblMH BCJIH- 

HHHaMH 3THX pa3MepoB pemcTKH. 

OH3HHecKa5i niKajia 4)HKCHpyeTC5i b Hameft pemeTOHHoft TeopHH Maccoii 
Z-6o30Ha M^^^^ ~ 90 GeV. fljiHHa pe6pa pemcTKH Bbipa>KaeTC5i KaK a ~ 
[90GeV]^^M^, r^e Mz - sto Macca Z 6o30Ha b pemeTOHHbix eflHHHLi,ax. 
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Phc. 6.11: Mz B pemeTOHHMX eflHHHii;ax kek 4)yHKii;H3 7 npn /3 = 15. 

rioMHMO Maccbi Z 6o30Ha Mbi BbiHHCJi5ieM TaKJKG H Maccy W 6030Ha, 3ap5i- 
>KeHHoro no OTHomeHHio k U{1). HosTOMy mbi 4)HKCHpyeM pemeTOHHyio Ka- 
jiH6poBKy JlaHflay BbiHHCJieHH5i nponaraTopa W 6o30Ha. 9Ta KajinGpoBKa 

4)HKCHpyeTC5I nOCpeflCTBOM MHHHMH3ai],HH (nO OTHOmeHHK) kU{1) KajIH6pOBOH- 

HbiM npeo6pa30BaHH5iM) cjie^yiomero 4)yHKi],H0Hajia: 

F = E(l-cos(^,,)). (6.25) 

xy 

Tor^a Mbi H3BjieKaeM Maccy W 6o30Ha h3 Koppeji5iTopa 

^ E(E ^xi^y)^) ^ e~^^^l^°-^"l + e-^^>^(^-l^"-^ol) (6.26) 

N x,y M 

B o6jiacTH (5 G (10,20), 7 G (1,2) mbi hc bh^hm pa3JiHHH5i ueyKpy /],ByM5i 
pemeTOHHBIMH BepCH5IMH 3jieKTpocjia6oH TeopHH. 

MaCCa Z - 6030Ha MeH5ieTC5I OHCHB MCflJieHHO C H3MeHeHHeM (5. 3aBHCHM0CTB 

OT 7 - cymecTBeHHee. Mz b pemeTOHHBix eflHHHi],ax pacTCT c pocTOM 7. 

^ji5i BBiHHCJieHH5i Macc Z-6o30Ha R W - 6o30Ha MBI HcnojiB3yeM pemeTKH 
pasMcpa 6^ x 12, 8^ x 16, 12^ x 24, 11 16^ x 24. 3aBHCHM0CTB KoppejiHTopa 
Z-6o30Ha OT r = xq — yo npeflCTaBjiena na pnc. I6.1UI j^jisi 7=l,/3 = 15Ha 
pemcTKe 16^ x 24. H3 SToro piicyHKa mbi H3BjieKaeM Maccy Z-6o30Ha paBHoii 
0.22 ± 0.02. CjieflycT otmcthtb, hto mbi hc Ha6jiio/i,aeM 3aBHCHM0CTH Mz ot 
pa3Mepa pemcTKH. 

ripH /3 = 15 MBI ji0KajiH3yeM nojio>KeHHe nepexo^a Me>Kfly CHMMeTpHHHoft 11 
XHrrcoBCKoii 4)a3aMH b6jih3h 7c = 0.92 ± 0.02. 
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Mbi HaxoflHM, HTO Macca W - 6o30Ha coflep>KHT saBHCHMOCTb OT pasMepa pe- 
meTKH, KOTopyio mbi CHHTaeivi apTe4)aKT0M. Mbi nojiaraeivi, hto STa saBHCHMOCTb 
BOSHHKaeT 6jiaro/],ap5i 4)0T0HH0My o6jiaKy, OKpy>KaioineMy W - 6o30h. HosTOMy 
Mbi HcnojibsyeM HMeHHO ero BbiHHCJieHH5i yjibTpa4)HOJieTOBoro o6pe3aHH5i 
B Hameii MO^ejiH. SaBHCHMOCTb Maccbi Z-6o30Ha ot 7 npn = 15 na pemeTKe 
8^ X 24 npeflCTaBjieHa Ha pnc. I6.11[ JlnHeftHbift 4)ht - Mz = 0.009 + O.2177. 

OcHOBbmasicb na sthx ^aHHbix mm saKjiiOHaeM, hto Macca Z - Gosona b peme- 
TOHHbix eflHHHLi,ax Ha pemcTKax paccMOTpcHHoro naMH pasMcpa b 4)H3HHecKOH 
4)a3e He mojkct npcBOCxoflHTb 0.21 ± 0.01 P = 15 nocKOJibKy nojio^KCHHe 
4)a30Boro nepexofla mbi jiOKajiHsycM npn 7 = 0.92 ± 0.02. 

Macca Xnrrca b pemeTOHHBix eflHHHi],ax wsuep^ieTCii c HcnojibsoBaHneM Kop- 
pejiHTopa 

Yl{H^Hy) - {Hf) - e-^-^^l^°^^^°l + e-^^^^(^-l^o-2^ol), (6.27) 
x,y 

rfle H - onepaTop \)oyKj\Q}m^ XHrrcoBCKoro 6o30Ha. 
Mbi HcnojiBsycM Tpn pasjiHHHBix onepaTopa: 

H:, = Y.\W.y\\ (6.28) 
y 

H. = T.Zly (6.29) 
y 

H 

H, = Y.Re{Uiy-^y) (6.30) 
y 

3;i;ecB Hx onpe^ejieH b tohkc x, a cyMMa 6epeTC5i no coce/],HHM TOHxaM 

y- 

Ms - Sa HeflOCTaTOHHOii CTaTHCTHKII MBI He MOJKCM HSBJIGHB H3 HaHIHX flaH- 

HBix Mh c xopomeH tohhoctbk). Kama rpySasi OH,eHKa /i,aeT npn /3 = 15, 7 = 1 
SHaneHHe Mh /Mz ~ 9 ± 2. 3Ta OH,eHKa Haxo/i,HTC5i b cootbctctbhh HccjieflOBa- 
HHCM SU{2) Mop^ejin Xnrrca [151 US [E], BBinojinenHBiM Bosjie tohkh nepexo^a 
MeyKpj 4)a3aMH b JIoh/],ohobckom npe^ejie npn peajiHCTHnecKHx SHaneHHsix (5. 
B fleftcTBHTejiBHOCTH, TaK >Ke, KaK H B [15] MBI ocHOBBiBacM Hamy oii;eHKy na 
paccMOTpeHHH KoppejiHTopa na "MajiBix BpeMeHHBix"paccT05iHH5ix (< 3). 
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Phc. 6.12: X = {Hz) — {HzY /3 = 15 na pemexKe 8^ x 16. 



B 117] 6bijio o6Hapy>KeHO, hto na 6ojibmHx paccT05iHH5ix BTopoH MaccoBbiH 
napaMeTp, 6jih3khh k 2Mw bhocht BKjia/i, b KoppejiOTop. B nameM Hccjieflo- 

BaHHH TOHHOCTb H3MepeHH5I He n03BOJI5ieT HaM HSBJieKaTb HH4)0pMaiI,HK) H3 H- 

H KoppejiOTopa npn "BpeMeHHbix"paccT05iHH5ix > 4. HosTOMy mm He bh^hm 
CHrnajia ot CBHsaHHoro cocto5ihhj5 flByx KajiH6poBOHHbix 6o30hob. (B [17] flji5i 
oi],eHKH Maccbi Xnrrca b stoh CHTyaii,HH 3HaHeHHe Maccbi ~ 2Mw 6bijio HHTep- 
npeTHpoBano KaK Macca CB5i3aHHoro cocto5ihh5i flByx KajiH6poBOHHbix 6o30hob, 
H flpyrasi Macca b /],aHHOM Kanajie paccMaTpHBajiacb, KaK Macca Xnrrca.) 

KaK 3T0 06T55ICH5IJI0Cb B TJiaBC 5, MHpOBbie JIHHHH KBaHTOBblX MOHOnOJieft 

HaM6y MoryT H3BjieKaTbC5i j\ByM5{ cnoco6aMH: 

jz = 5Y. = ^*d([dZ']mod27r) (6.31) 

ZTT 

H 

= 6J: = ^*d{[dA]mod27T). (6.32) 

ZTT 

IIjiOTHOCTb MOHonojieii onpefleji5ieTCH KaK 

/ Elinks blink 

r^e L - pa3Mep pemcTKH (b pemeTOHHbix e/],HHHii,ax) . 

fl^jiii RsyHenw siBjienw KOH/],eHcaLi,HH mbi Hcnojib3yeM nepK0Ji5iLi,H0HHyK) bc- 

pOHTHOCTb 11(74). 

VL Jaj h jz npe/],CTaBji5iK)T o^hh h tot >Ke oGt-ckt. O^HaKO, stot oGt-ckt 
MO^KCT HMCTb pa3Mep, npeBbimaK)inHH flJiHHy pe6pa pemcTKH. IIosTOMy ^Ba 
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(6.33) 



pasjiHHHbix onpeflejieHHH MoryT flaBaTb pasHbie MOHonojibHbie tokh. Pa3HHii,a 
Me>Kfly flByM5i TOKaiviH ecTb ~ 3a- HoBTOMy njiOTHOCTb 2a ~ 3z HSMepaeT CTe- 
neHb Toro, nacKOJibKO 2a 0TjiHHaeTC5i ot jz- JX^"^ Toro, HTo6bi Hsy^HTb pa3HHii,y 
Me>Kfly jxs^fyvA onpe/],ejieHH5iMH MOHonojiefi HaM6y mm HcnojibsyeM BejiHHHHy 
p{jA — 3z\ nocTpoeHHyio h3 2z — 3 a Tax >Ke, KaK h (16.331) . 

Hjiothocth h nepK0Ji5iLi,H0HHbie Bepo5iTHOCTH jxjvA 060HX onpeflejieHHH cob- 
na^aiOT b to BpeM5i, KaK TOHHoe pacnojio>KeHHe MOHonojieft, nojiyneHHoe flByMH 
pasHbiMH cnoco6aMH OTjiH^aeTCsi npHMepno na 30%, to ecTb, mm naxoflHM, hto 
~ 3z)/{p{3a) + piJz)) 0.3. 3to osHa^aeT, hto j\Ba paccMaTpHBaeMbix 
cnoco6a fleftcTBHTejibHO othoc5itc5i k oflHOMy h TOMy >Ke o6T>eKTy, ho jiOKajiHsy- 
K)T ero B 30% cjiy^aeB no pasHOMy. To ecTb, pasMep mohohojih HaM6y b HameM 
HCCJieflOBaHHH npeBbimaeT flJinny peGpa pemeTKH. 

nepKOJi5ii],HOHHa5i BepoHTHOCTb 5iBji5ieTC5i napaMGTpoM nopHflKa flji5i nepexo- 
fla MeyKfly CHMMeTpHHHOH h XHrrcoBCKOH (^as&Mn. 

Mm TaK>Ke HCCjieflOBajiH BonpHHMHHBOCTb X = (^^) ~ (^)^ HSBjieneHHyK) h3 

Hz = Ey Z^y H H3 Hw = |VFa;y|^. SaBHCHMOCTb X OT 7 BflfiJlh BepTHKajIbHOH 

jiHHHH (5 = 15 npe/],CTaBjieHa na pnc. I6.12[ Hojio^KeHHe nepexo^a coBna^aeT c 

MaKCHMyMOM 06eHX BOCnpHHMHHBOCTeft. 

Hame HCCjieflOBaHHe noKasbmaeT, hto njiOTHOCTb MOHonojieft HaM6y pacTGT 
c yMeHbineHHeM 7 7 > 1). Cjie^yeT OTMeTHTb, hto MOHonojibnasi njiOT- 
HOCTb, KaK H Macca Z - Sosona ne saBHCHT cymecTBeHHO ot pasMepa pemeTKH. 

XopOHIHM 4)HT0M HpH (5 = 15 5lBJl5ieTC5l 

MoHOHOJIbHaa HJIOTHOCTb, Bbipa>KeHHa5I B 4)H3HHeCKHX e/],HHHH,aX 0Hpe/],eji5ieT- 

C5i KaK pc = rpfi a - fljinna pe6pa pemeTKH. TaKHM o6pa30M, hjiothoctb 
MOHOHOJieii HaM6y b 4)H3HHecKHx eflHHHH,ax yBejiHHHBaeTCsi c yMenbmenneM a. 

HTaK, npe>Kfle Bcero, mm BbmcHHjiH, hto flBa pemeTOHHbix onpe^ejieHHsi (c 
rpynnaMH SU (2) 0U{1)/Z2 ii SU {2)0U{1)) BepjT k o^khm h TeM >Ke pesyjib- 

TaTaM npH 4)H3HHeCKHX 3HaHeHH5IX nOCT05IHHOH TOHKOii CTpyKTypbi. 

Hame HCCjieflOBanHe noKa3MBaeT, hto 3HaHeHH5i fljiHHbi pe6pa pemeTKH 
MeHbme, neM (430 ± 40 He MoryT 6biTb /],0CTHrHyTbi b HpHHH,HHe ^jih peme- 
TOK paccMaTpHBaeMoro pasMepa ecjin HOTeHn;Haji CKajisipnoro uojisi Bbi6paH b 
JloHflOHOBCKOM npe^ejie, hto cooTBeTCTByeT nepeHopMHpoBaHHoii Macce Xnrrca 
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Mjj ~ 800 FsB. 3to roBopHT o tom, hto na flaHHbix pemeTKax npn flan- 
HOH Macce Xnrrca yjibTpa4)HOJieTOBoe oGpesaHne ne MO>KeT Gbitb Gojibine, hqm 
Ac = ^ - 1.4 TsB. 

TaK>Ke Mbi BbMCHHjiH, HTO nepKOJiHij,HH MOHonojiGH HaM6y 5iBji5ieTC5i napa- 
MeTpoM nop5i/],Ka ^jih paccMaTpHBaeMoro nepexo^a, hto yKasbmaeT na to, hto 
Mbi HMeeM flejio c Tax nasbmaeMbiM " nepK0Ji5ii],H0HHbiM nepexo;],OM hjih nepexo- 
flOM KepTe>Ka j2Uj . 

6.4.2 MncjiGHHoe Hccjie^oBaHHe Moji^ejim npn 6*^1/ = 7r/6, A = 
0.001,0.009, - 12 

/^JI5I flaHHblX SHaHeHHH KOHCTaHT CB5I3H HH4)paKpaCHbIH 34)4)eKTHBHbIH HOTeH- 

i],Haji HaMH He bmhrc Ji^ijicii. IlosTOMy mm hg pacnojiaraeivi flaHHbiMH o nojio>Ke- 
HHH TOHKH 7^ flji5i A = 0.001,0.009. nojio>KeHHe TOHKH 7^ HaMH 0Hpe/],eji5ieTca 
HO yjibTpa4)H0JieT0B0My HOTeHH,Hajiy TaK>Ke, KaK 3to cp^ejiano A = 0.0025. 
OcHOBbiBasicb Ha ^annbix, HOJiynenHbix p^ji^i A = 0.0025 mm HOJiaraeM, hto 7c 

He 5lBJl5ieTC5l TOHKOH HCTHHHOrO 4)a30BOrO HGpeXOfla, a 5lBJl5ieTC5l JIHHIb OflHOH H3 
BblflejieHHMX TOHGK KpOCCOBGpa. TaK>Ke, MM He HCKJIKDHaeM B03M0>KH0CTH TOrO, 
HTO B TOHKaX, Tfle 3aHyjI5ieTCJ5 MaCCa Z - 6030Ha MOJKGT HMCTB MGCTO 4)a30BbIH 

nepexo/i, BToporo po^a. OflnaKO, sth tohkh hg MoryT coBnaflaTb c 7c HOCKOJibKy 
B 7c BbiHHCjieHHasi HaMH Macca Z - 6o30Ha OTjinnna ot nyjisi. 

Bbijio o6Hapy>KeHO, hto npn A = 0.009 b tohkg 7c = 0.274 ± 0.001 h 
A = 0.001 B TOHKG 7c = 0.256 ± 0.001 3HaHeHHe A paBHO 1.4 ± 0.2 TsB. 
CpaBHenne pe3yjibTaT0B p^jiii pemeTOK pa3Horo pa3Mepa ne H0Ka3biBaeT H3Me- 
HeHHH SToro 3HaHeHHH. Ha pnc. 16. 13l 3aBHCHMOCTb Mz b pemeTOHHbix eflHHHH,ax 
OT 7 HpeflCTaBjiena p^jiii A = 0.009 h = 12. Ha pnc. 16. 141 3aBHCHM0CTb Mz b 
pemeTOHHMx eflHHHH,ax ot 7 HpeflCTaBjiena A = 0.009 h /3 = 12. 

B Xhffcobckom Kanajie A = 0.009 mm Hpe/],CTaBjiHeM p^annhie flbyx 
ToneK Ha pemeTKe 8^ x 16: (7 = 0.274, A = 0.009, ^ = 12) h (7 = 0.290, 
A = 0.009, (5 = 12). HepBa5i TOHKa cooTBCTCTByeT HOJio^Kennio nepexo^a b to 
BpeMJ5, KaK BTopasi pacHOJio>KeHa rjiy6oKO b c^ose Xnrrca. SaTpaBOHHoe 3HaHe- 
HHe Maccbi XHPrca paBHO 270 FsB. 

B TOHKe (7 = 0.274, A = 0.009, /3 = 12) mm co6pajiH ^ocTaTOHHO CTa- 

THCTHKH, HT06bI BblHHCJIHTb K0ppejI5IT0p BHJIOTb flO "BpeMeHHbIx"paCCT05IHHH 
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Phc. 6.13: Macca Z - 6o30Ha b pemeTOHHbix eflHHHii,ax npn A = 0.009 and ^ — 12. KpecTbi 
cooTBeTCTByiOT pemeTKe 8^ x 16. TpeyrojitHHKH - 12^ x 16. Kpyrn cooTBeTCTByiOT pemeTKe 
16^, KBaflpaT cooTBeTCTByeT pemeTKe 20^ x 24 (cTaTHCTHHecKne oiuhGkh - paaiviepa Hcnojit- 
syeMbix chmbojiob). 



1 2^0 ~ ?/o| = 4. SnaHeHHe 7 = 0.274 cooTBeTCTByeT nojrojKeHHio nepexo^a. Haft- 
flGHHaH HaMH Macca b pemeTOHHbix eflHHHii,ax paBHa = 0.75 ±0.1 b to 
BpeMH, KaK 3aTpaBOHHa5i Macca Mh paBHa ~ 270 FaB. B to >Ke Bpe- 
MH M2; = 0.23 ± 0.007. TaKHM o6pa30M, mbi OLi;eHHBaeM Maccy XHrrca KaK 
Mh = 300 ± 40 Gev. 

B TOHKe (7 = 0.29, A = 0.009, /3 = 12) mbi BbmHCJiHjiH KoppejiHTop c 
pasyMHoii tohhoctbk) bejiotb flo |a^o ~ ?/o| = 3. B SToii tohkg saTpaBOHHaa 
Macca XHFFca Mh paBHa Mfj ~ 260 FsB b to BpeM5i, KaK nepenopMnpoBaHHaa 
Macca Xnrrca b pemeTOHHbix e/],HHHii,ax Mjj = 1.2 ±0.3. B to >Ke BpeM5i MJ' = 
0.41 ± 0.01. TaKHM o6pa30M, b stoh tohkg mbi OD;eHHBaeM Mh = 265 ± 70 Gev. 

J\ji5i Toro, ^to6bi BbmHCJiHTB Maccy Xnrrca npn 7 = 0.274 mbi HcnojiBsycM 
flaHHBie KoppejiHTopa npn 4 > |iCo ~ l/o| ^0. BBmncjieHHii MaccBi Xnrrca 
npH 7 = 0.29 MBI HcnojiBsycM KoppejiHTop fljia 3 > |xo — 2/o| > 0. 

B XnrrcoBCKOM Kanajie flji5i A = 0.001 mbi npe^CTaBji^eM /i,aHHBie nojiyHCH- 
HBie Ha pemeTKe 8^ x 16 ^jih 7 = 0.257. Hmccm Mh = 90 ± 20 TsB (saTpa- 
BOHHoe SHa^eHHe Mjj ~ 100 FsB). B stoh tohkc mbi co6pajin flocTaTO^HO CTa- 

THCTHKH, HT06bI BBIHHCJIHTB KOppejIHTOp BHJIOTB flO " BpeMCHHOrO " paCCTOilHHil 

\xo - yo\ = 8. 

yjIBTpa(|)HOJieTOBBIH 3(|)(|)eKTIIBHBIH nOTeHII,HajI flJI5I A = 0.001,0.009 BCflCT 

ce65i Bnojine anajiorHHHO ero uoBepfiunK) npn A = 0.0025. 
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Phc. 6.14: Macca Z - Gosona b pemeTOHHMx e/j,HHHij,ax npn A = 0.001 and /3 = 12. KpecTM 
cooTBeTCTByiOT pemeTKe 8^ x 16. Kpyrn - 12^ x 16. 
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Phc. 6.15: 34)4)eKTHBHt>iH noTeHLi,Haji npn A = 0.009 h /3 = 12. Hepntie KBaflpaTM cooxBeT- 
CTByiOT 7c = 0.273. HycTbie KBa/j,parbi cooTBexcTByiOT 7 = 0.29. TpeyrojiBHHKH cooTBeT- 
CTByiOT 7 = 0.279. CTaTHCTHHecKne neonpeflejieHHOCTH - nopfl^Ka paaiviepa chmbojiob. 
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Ta6jiHij,a 6.2: SnaHeHHa 0^, H, iffiuct, h hjiothocth MOHonojiefl HaM6y p npn HCKOTopbix 
SHaHeHHHx 7 j^ji^l A = 0.009, /3 = 12 (PemexKa 8^ x 16.) 



7 


0m 


H 


-f^fluct 


P 


0.273 








0.1 ±0.1 


0.098 ±0.001 


0.274 








0.04 ±0.1 


0.081 ±0.001 


0.275 


0.85 ±0.1 


0.01 ±0.06 


0.15 ±0.05 


0.067 ±0.001 


0.276 


1.05 ±0.1 


0.05 ±0.06 


0.16 ±0.01 


0.054 ±0.001 


0.277 


1.25 ±0.05 


0.19 ±0.05 


0.25 ±0.05 


0.044 ±0.001 


0.278 


1.35 ±0.1 


0.28 ±0.07 


0.25 ±0.06 


0.035 ±0.001 


0.279 


1.45 ±0.05 


0.5 ±0.06 


0.25 ±0.06 


0.028 ±0.001 


0.282 


1.75 ±0.05 


1.04 ±0.07 


0.31 ±0.07 


0.014 ±0.001 


0.284 


1.95 ±0.05 


1.41 ±0.08 


0.38 ±0.08 


0.0082 ± 0.0005 


0.286 


2.05 ±0.05 


1.86 ±0.08 


0.35 ±0.08 


0.0049 ± 0.0002 


0.288 


2.15 ±0.05 


2.33 ±0.08 


0.32 ±0.07 


0.0029 ± 0.0002 


0.29 


2.25 ±0.05 


2.82 ±0.08 


0.44 ±0.08 


0.0017 ±0.0001 



Mbl BBOflHM BejIHHHHy H = V {0) — V{(j)m)-, KOTOpyK) HaSblBaGM BblCOTOH 

Gapbepa (3/],ecb (j)^ - 3to to snaHeHHe, npn KOTopoM V /],0CTHraeT MHHHMyivia). 
B Ta5jiHi],e 16.21 mm npe^CTaBjisieM snaHeHHsi (f)m h H A = 0.009, {3 = 12. 

Bh^HO, HTO 3HaHeHH5I (j)jn H H yBGJIHHHBaiOTCH C pOCTOM 7. HpH 7 = 0.273 

MHHHMyM noTeHi],Hajia fl0CTHraeTC5i npn = 0. 9Ta TOHKa cooTBGTCTByeT MaK- 
CHMyMy BOcnpHHMHHBOCTH nocTpoeHHOH H3 nojiH Xnrrca. HpH 7 = 0.274 mbi 
TaK>Ke Ha6jiio/],aeM eflHHCTBeHHbift MHHHMyM HOTeHH^najia npn = 0. HpH 
7 = 0.275 MHHHMyM HOTeHH,Hajia Ha6jiiOflaeTC5i npn 0^ = 0.85 ± 0.1 c onenb 
MajieHbKOH BblCOTOH 6apbepa. IlosTOMy mm jiOKajiHsyeM nojio^Kenne nepexo^a 
HPH 7 = 0.273 ±0.002. 

Mm cpaBHHBaeM H = V {0) — V {(t)m) c i^ffiuct = ^(0m + <^0) ~^(0to), r^e Scj)- 
3T0 (|)jiyKTyaH,HH |$|. H3 Ta6jiHHbi 16.21 bh^ho, hto cyn];ecTByeT SHaneHne 7 (mm 
HasbiBaeM ero ^c2) TaKoe, hto npn 7c < 7 < 7c2 BbicoTa Gapbepa H - Hop5i/],Ka 
^fiuct B TO BpeM5i, KaK fljiH 7^2 << 7 BbicoTa 6apbepa snanHTejibHO npeBbimaeT 
Hfiuci- rpy6a5i OH,eHKa SToro HceB^OKpHTHHecKoro SHaneHHa: 7^2 ~ 0.278. 

OjiyKTyaH,HH hojih |$| mo>kho OH,eHHTb KaK 5(j) ~ 0.6 Bcex paccMaTpn- 
BaeMMx SHaneKHH 7 npn A = 0.009, j3 = 12. Hs namnx flannbix cjie^yeT, hto 

(j)m >> 6(f) npH 7c2 << 7 B TO BpeM5I, KaK (f)m ~ 6(j) npH 7c2 > 7- 

TaKHM >Ke o6pa30M npn A = 0.001 mm nojiynaeM 7^2 = 0.258 ± 0.001. Hpn 
7 paBHOM 7c2 B paccMOTpeHHMx cjiynasix BbiHHCjieHHoe SHaHGHHe yjibTpa4)H0- 
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0.25 - 





0.74 0.75 0.76 0.77 0.28 

Phc. 6.16: MoHonojibHaa njioTHOcxb kek 4)yHKii;H3 7 npn A = 0.0025 , (3 = 12. KpecTbi 
cooTBexcTByioT pemexKe 8^ x 16, Kpyrn - pemexKe 12^ x 16. 

jieTOBoro o6pe3aHHH 1.0 ±0.1 TsB. 

B Ta6jiHii,e 16.21 mm npe/],CTaBji5ieM njiOTHOCTb MOHonojieii HaM6y KaK (|)yHK- 
i],HK) OT 7 npH A = 0.009, (5 = 12. SnaHeHHe njiOTHOCTH MOHonojiefi npn 
7c = 0.273 - OKOJio 0.1. B 3toh TOHKe SHaneHHe yjibTpacj^HOJieTOBoro o6pe- 
3aHH5i A ~ 1.4 ±0.2 TsB. Ha Phc. I6. 161 npe^CTaBjiena MOHonojibHaa njioTHOCTb 
AJI5I A = 0.001. 

CnoBa p^jiii A = 0.008 npn 7 = 7^2 ~ 0.278 h p^jiii A = 0.001 npn 7 = 
7c2 0.258 Mbi BH/],HM, HTO cpeflHee paccT05iHHe Mewipy MOHonojiHMH HaM6y - 
CTaH0BHTC5i nop5iflKa Hx pasMepa. 

6.5 BbiBO^bi 

B HacTOHineft rjiaBe mbi noKasajiH, hto cymecTByeT OjiyKTyai],H0HHa5i 06jiacTB 
(00) Ha 4)a30BOH flHarpaMMe pemeTOHHoii Mo^ejiH BafiHGepra - Cajiaivia. 3Ta 
o6jiacTb pacnojiojKGHa b OKpecTHOCTH 4)a30Boro nepexo^a (KpoccoBepa) Me>K- 

PJ 4)H3HHeCKOH XHrrCOBCKOH OaSOH H He4)H3HHeCKOH (|)a30H. KaK yjibTpa4)H0- 

jieTOBbiH, TaK H HHcj^paKpacHbiii 34)4)eKTHBHbie noTeHD;Hajibi CKajiapHoro uojisi 

HMeiOT MHHHMyM npH OflHOM H TOM >Ke HeHyjieBOM 3HaHeHHH rjiy6oKO BHyTpH 

4)H3HHecKOH 4)a3bi. BnyTpH 00 pa3JiHHHbie BRphi 34)4)eKTHBHoro noTeHi],Hajia 
flaiOT pa3Hbie 3HaHeHH5i 0^- KpoMe Toro, ohh b pa3Hbix TOHKax 4)a30BOH flna- 
rpaMMbi KaHecTBGHHO mghsiiot CBoe noBe^eHHe (npnoGpeTaiOT TaKyio 4)opMy, 
HTO eflHHCTBeHHbiM HX MHHHMyMOM CTaHOBHTCH HyjieBoe 3HaHeHHe CKajiHpHoro 
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nojia) . 

CKaji5ipHoe nojie paBHO nyjiio BHyTpn KjiaccHHecKoro MOHonojia HaM6y. ITo- 
STOMy OH paccMaTpHBaeTC5i HaMH KaK sapoflbim He4)H3HHecKOH 4)a3bi BHyTpn 
(|)H3HHecK0H. Mbi HCCJieflOBajiH CBoiicTBa KBaHTOBbix MOHonojieii HaM6y. BnyT- 
pH OO OHH pacnojiojKeHbi CTOJib TecHO, hto paccT05iHH5i MejKfly hhmh CTano- 
BHTCH nopHflKa Hx pasMepa. 9to osHanaeT, hto BnyTpn OO (J)jiyKTyaLi;HH CKa- 
jiapHoro nojiH SHaHHTejibHbi h o6e 4)a3bi nepeMemanbi. 

Hto KacaeTC5i xapaKTepa caMoro 4)a30Boro nepexo^a, mm noKa ne MOJKeM 

npHflTH K OKOHHaTejIbHOMy BbIBO/],y O TOM, KaKOBbIM OH 0Ka>KeTC5I Ha 6eCK0- 

HeHHoi! pemeTKe. HaH6ojiee BepoHTHa, c Hauieii tohkh 3peHH5i, B03M0>KH0CTb 
Toro, HTO 3T0T nepexofl 5iBji5ieTC5i KpoccoBepoM fljiH paccMOTpeHHbix snaHeHHH 
saTpaBOHHbix KOHCTaHT. OflHaKO, Mbi He HCKjiioHaeM B03M0>KH0CTb cynj;ecTBOBa- 
HH5I 4)a30Boro nepexofla BToporo pofla npn Mjj ~ 300, 150, 100 TsB. HpH 9tom 
Mbi HOJiaraeM, hto naniH BbiBOflbi OTHOCHTejibHO npoH,eccoB Bnyxpn OjiyKTyau,H- 
OHHOH 06jiacTH, cflejiaHHbie na ocHOBannn HCCjieflOBaHH5i mo^gjih na pemeTKax 
KOHGHHoro pa3Mepa, ocTanyTCH Bepnbi h flji5i pemeTKH 6ecKOHeHHoro pa3Mepa. 

TaKHM o6pa30M, BaxyyM MOflejiH BaHH6epra - CajiaMa BnyTpn OO cyme- 
CTBeHHO OTjiH^aeTCH OT TpHBHajibHoro BaKyyMa, HcnojibsyeMoro b o6bmHoii Teo- 
pHH BOSMymeHHii. 9tot pesyjibTaT mm paccMaxpHBaeM KaK yKasanne na to, hto 

B OO TeOpHH BOSMymeHHH M05KeT OKa3aTbC5I He npHMeHHMa. 

Ba>KHO TO, HTO Hepexofl k HenpepbiBHOH 4)H3HKe hpoh3bo/],htch HpH npn- 
6jiH>KeHHH K TOHKe Hepexo^a. Hamn HHCJienHbie pe3yjibTaTbi roBop5iT o tom, 
HTO flji5i Mjj ~ 300, 150, 100 FaB npn peajiHCTH^ecKOM sna^enHH hoctoahhoh 
TOHKOH CTpyKTypbi H yrjia BaHH6epra MaKCHMajibHoe flocTHJKHMoe snaneHHe 
yjibTpa4)HOJieTOBoro o6pe3aHH5i Bne OO - okojio 1.0 ± 0.1 TsB. HaniH ou;eHKH 
6bijiH cflejiaHM fljifl pemeTOK 8^ x 16, 12^ x 16, 16^ (pesyjibTaTbi npn Mh ~ 300 
FsB HpoBep5iJiHCb BHjioTb flo pa3MepoB pemeTKH 20^ x 24) h ne 3aBHC5iT ot 
pa3Mepa pemeTKH. Mm TaK>Ke BbiacHHjiH, hto npn HpaBH.jibHOM yneTe 34)4)eK- 
TOB KoneHHoro o6T>eMa b HepeHopMnpoBannoH nocTOHHHoii tohkoh CTpyKTypbi 
a, ee sna^eHHe OKasbmaeTCii 6jih3ko k oflHoneTjieBOMy BbipajKenHK), ecjin b no- 
cjieflHeM noflCTaBHTb b Ka^ecTBe o6pe3aHH5i MacmTa6 1 TsB. 



123 



6.6 ny6jiHKaLi,HH 



PesyjibTaTbi HacTOHineft rjiaBbi ony6jiHKOBaHbi b pa6oTax: 

"Nambu monopoles in lattice Electroweak theory B.L.G. Bakker, A.I. 
Veselov, M.A. Zubkov. J.Phys.G36:075008,2009, [ arXiv:0707.10T7 | 

"Lattice study of monopoles in the Electroweak theory A.I. Veselov, B.L.G. 
Bakker, M.A. Zubkov. PoS LAT2007:337,2007, tarXiv:0708.2864| 

"Upper bound on the cutoff in lattice Electroweak theory M.A. Zubkov, A.I. 
Veselov. JHEP 0812:109,2008, |arXivT08040T40) 

"Upper bound on the cutoff in the Standard Model M.A. Zubkov, A.I. 
Veselov, proceedings of 27th International Symposium on Lattice Field Theory 
(Lattice 2009), Beijing, China, 25-31 Jul 2009, [arXiv:0909.2840| [hep-lat] 

"Monopoles in lattice Electroweak theory B.L.G. Bakker, A.I. Veselov, M.A. 



Zubkov, Proceedings of SPMTP08, [ arXiv:0809.1 757j 

"The Fluctuational region on the phase diagram of lattice Weinberg-Salam 
model M.A. Zubkov. Phys.Lett.B684: 141-146,2010, |arXiv:0909.4T 06l 

"The vicinity of the phase transition in the lattice Weinberg - Salam 
Model M.A.Zubkov, Proceedings of QUARKS-2010, |arXiv:1007.488 5j 

"How to approach continuum physics in lattice Weinberg - Salam model M.A. 
Zubkov, Phys.Rev.D82:093010,2010 

"Effective constraint potential in lattice Weinberg - Salam 
modelM.I.Polikarpov, M.A.Zubkov, Physics Letters B 700 (2011) pp. 336-342, 
[arXiv: 1104.1319] 



124 



JlHTepaTypa 



11] 

|2| 



|3| 
|4| 

|5| 
|6| 

|7| 
|8 

|9 

|10 
111 



J. A. Casas, J.R. Espinosa, and I. Hidalgo, hep-ph/0607279'. 



K. Holland, arXiv:liep-lat/0409112 



Zoltan Fodor, Kieran Holland, Julius Kuti, Daniel Nogradi, Chris 



Schroeder, PoS (LATTICE 2007) 056, larXiv:0710.3151 



R. Shrock, Phys. Lett. B 162, 165 (1985); Nucl. Phys. B 267, 301 (1986). 

F. Csikor, Z. Fodor, J. Heitger Phys. Rev. Lett. 82 (1999) 21-24 Phys. Rev. 
D58 (1998) 094504 Nucl.Phys.Proc.Suppl. 63 (1998) 569-571 

F. Csikor, Z. Fodor, J. Heitger Phys. Lett. B441 (1998) 354-362 

F. Csikor, Z. Fodor, J. Hein, A. Jaster, I. Montvay Nucl.Phys. B474 (1996) 
421-445 

Joachim Hein (DESY), Jochen Heitger, Phys.Lett. B385 (1996) 242-248 

F. Csikor, Z. Fodor, J. Hein, J. Heitger, A. Jaster, I. Montvay 
Nucl.Phys.Proc.Suppl. 53 (1997) 612-614 

Z. Fodor, J. Hein, K. Jansen, A. Jaster, I. Montvay Nucl.Phys. B439 (1995) 
147-186 

F. Csikor, Z. Fodor, J. Hein, J. Heitger, Phys.Lett. B357 (1995) 156-162 

F. Csikor, Z. Fodor, J. Hein, K. Jansen, A. Jaster, I. Montvay 
Nucl.Phys.Proc.Suppl. 42 (1995) 569-574 



[12] F. Csikor, Z. Fodor, J. Hein, K. Jansen, A. Jaster, I. Montvay Phys.Lett. 
B334 (1994) 405-411 



125 



[13] Y. Aoki, F. Csikor, Z. Fodor, A. Ukawa Phys.Rev. D60 (1999) 013001 
Nucl.Phys.Proc.Suppl. 73 (1999) 656-658 

[14] Y. Aoki Phys.Rev. D56 (1997) 3860-3865 

[15] W.Langguth, I.Montvay, P.Weisz Nucl.Phys.B277:ll,1986. 

[16] W. Langguth, I. Montvay (DESY) Z.Phys.C36:725,1987 

[17] Anna Hasenfratz, Thomas Neuhaus, Nucl.Phys.B297:205,1988 

[18] I. Montvay, Nucl. Phys. B 269, 170 (1986). 

[19] Bohdan Grzadkowski, Jacek Phszka, Jose Wudka Phys.Rev. D69 (2004) 
033001 

[20] M.N. Chernodub, Phys. Rev. Lett. 95 (2005) 252002 

[21] Y. Nambu, Nucl.Phys. B 130, 505 (1977); 

Ana Achucarro and Tanmay Vachaspati, Phys. Rept. 327, 347 (2000); Phys. 
Rept. 327, 427 (2000). 

[22] J. Jersak, C.B. Lang, T. Neuhaus, G. Vones, Phys.Rev. D 32,2761 (1985). 
H.G. Evertz, J. Jersak, C.B. Lang, T. Neuhaus, Phys. Lett. B 171, 271 
(1986). H.G. Evertz, V. Grosch, J. Jersak, H.A. Kastrup, T. Neuhaus, 
D.P. Landau, J.L. Xu, Phys. Lett. B 175, 335 (1986). 

[23] L Montvay, BNL Gauge Theor.Symp. (1986) 235; NucL Phys. B 293 (1987) 
479. 

[24] M. Gurtler, E.-M. Ilgenfritz, and A. Schiher, Phys. Rev. D 56, 3888 (1997). 
K. Rummukainen, M. Tsypin, K. Kajantie, M. Laine, and M. Shaposhnikov, 
NucL Phys. B 532, 283 (1998); 
Yasumichi Aoki, Phys. Rev. D 56, 3860 (1997); 
N. Tetradis, Nucl. Phys. B 488, 92 (1997); 

B. Bunk, Ernst-Michael Ilgenfritz, J. Kripfganz, and A. Schiller (BI-TP- 
92-46), Nucl. Phys. B 403, 453 (1993); 

B. Bunk, Ernst-Michael Ilgenfritz, J. Kripfganz, and A. Schiller (BI-TP- 
92-12), Phys. Lett. B 284, 371 (1992). 



126 



[25] Thomas A. DeGrand, Doug Toussaint, Phys. Rev. D 22, 2478 (1980). 

[26] J. Ranft, J. Kripfganz, G. Ranft, Phys.Rev.D 28, 360 (1983). 

[27] Wolfgang Franzki, John B. Kogut, M.P. Lombardo, Phys. Rev. D 57, 6625 
(1998). 

[28] M.N. Chernodub, F.V. Gubarev, E.M. Ilgenfritz, and A. Schiher, Phys. 
Lett. B 434, 83 (1998); 

M.N. Chernodub, F.V. Gubarev, E.M. Ilgenfritz, and A. Schiller, Phys. 
Lett. B 443, 244 (1998). 

[29] M.N. Chernodub, JETP Lett. 66, 605 (1997) 

[30] D. Stauffer, A. Aharony, "Introduction to percolation theory (Taylor &; 
Francis, London, 1994). 



[31] O. Oliveira, P. J. Silva, E.-M. Ilgenfritz, A. Sternbeck. [arXiv:0710.1424 
[32] U.M. Heller, Nucl. Phys. Proc. Suppl. 34, 101 (1994); 



I. Montvay, |hep-lat/9703001 

I. Montvay, W. Langguth, and P. Weisz, Nucl. Phys. B 277, 11 (1986); 

A. Hasenfratz and T. Neuhaus, Nucl. Phys. B 297, 205 (1988); 

U.M. Heller, M. Klomfass, H. Neuberger, and P. Vranas, Nucl. Phys. B 
405, 555 (1993). 

[33] M. Liischer and P. Weisz, Nucl. Phys. B 318, 705 (1989); 
I. Montvay, Nucl. Phys. B 293, 479 (1987); 
M. Klomfass, Nucl. Phys. B 412, 621 (1994). 

[34] R.A. Brandt, F. Neri, and D. Zwanziger, Phys. Rev. D 19, 1153 (1979). 

[35] F.V. Gubarev and V.I. Zakharov, |hep-lat/02n033, 



[36] P. de Forcrand, O. Jahn, Nucl.Phys. B 651, 125 (2003). 
[37] J. Greensite, Prog. Part. Nucl. Phys. 51 (2003) 1 



127 



[38] F.V. Gubarev, A.V. Kovalenko, M.I. Polikarpov, S.N. Syritsyn, and 
V.I. Zakharov, Phys. Lett. B 574 136 (2003) 

[39] N.B. Nielsen and M. Ninomiya, Nucl. Phys. B 185, 20 (1981); ibid, 173; 
M. Liischer, Phys. Lett. B 428, 342 (1998); 
H. Neuberger, Phys. Lett. B 417, 141 (1998) 

[40] A. Patrascioiu, E. Seller, and I.O. Stamatescu, Phys. Lett. B 107, 364 
(1981); 

E. Seller, I.O. Stamatescu, and D. Zwanzlger, Nucl. Phys. B 239, 177 
(1984); 

Y. Yotsuyanagl, Phys. Lett. B 135, 141 (1984); 
K. Cahlll, S. Prasad, R. Reeder, and B. Rlchter, 
Phys. Lett. B 181, 333 (1986); 
K. Cahin, Phys. Lett. B 231, 294 (1989) 

[41] Bohdan Grzadkowskl, Jose Wudka, IFT-31/2001, UCRHEP-T321, Acta 
Phys. Polon. B 32 (2001) 3769-3782 

[42] Peter Arnold and Olivier Esplnosa, Phys. Rev. D 47 (1993) 3546. 
Z. Fodor and A. Hebecker, Nucl. Phys. B 432 (1994) 127. 
W. Buchmuller, Z. Fodor, and A. Hebecker, Nucl. Phys. B 447 (1995) 317. 

[43] K. Kajantie, M. Laine, K. Rummukainen, and M. Shaposhnikov, Phys. Rev. 
Lett. 77 (1996) 2887-2890. 

[44] V.A.Kuzmin, V.A.Rubakov, and M.E.Shaposhnikov, Phys. Lett. B 155, 36 
(1985) 

[45] W. Janke, D.A. Johnston, R. Kenna, XXIIIrd Int. Symp. Latt. Field 
Theory, Proceedings of Science (LAT2005) 244, iihep-lat/0512022| 

[46] Sandro Wenzel, Elmar Bittner, Wolfhard Janke, Adriaan M.J. Schakel, A. 
Schiller, Phys. Rev. Lett. 95, 051601 (2005) 



128 



MacTb III 



PemeTOHHbie 4)opMyjiHpoBKH KBaHTOBoii 

rpaBiiTaij,im 
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B flaHHoii nacTH hemh paccMaTpHBaiOTCii noflxoflbi k nocTpoeHHio KBanTOBoii 
TeopHH rpaBHTaLi;HH, ocHOBaHHbie na ;];HHaMHHecKOH TeopHH PHManoBoii reoMeT- 
pHH H ee npocTeiimero pacmHpeHH5i - reoMGTpHH PHMana - KapTana. B ce^bMOH 
rjiaBe mm paccMaTpHBaeM flByMepnyio rpaBHTaLi,HK). Hpe^Kfle Bcero, pemaeTCH 
npocTaii sa^ana o noBeflennH KoppejiHTopoB b nenpepbiBHoii flByMepnoft rpa- 
BHTaLi;HH c fleftcTBHeM, KBaflpaTH^HbiM no KpHBHsne. SaTeM, paccMaTpHBaeTCH 
Pe^jKe - flHCKpeTH3aD;H5i nenpepbiBHoii MO^ejiH h pemaeTCii Bonpoc o Mepe hh- 
TerpHpoBaHH5i no noji5iM. A hmchho, noKasano, hto npn najiojKennn na Pe;],>Ke 
- flHCKpeTH3an,HK) onpeflejiennoro ycji0BH5i Mepa Jlyn^a - Pefl>Ke CTanoBHTCsi 
jiOKajibnoH. B bocbmoh rjiaBe mm paccMaxpHBaeM neTbipexMepnyio KBanxoByio 
rpaBHTau;HK). Ilocjie paccMOTpenna Pe/],>Ke flHCKpeTH3au;HH n fleMoncTpau;HH to- 
ro, nTO npncyTCTByiOT cepbesnbie npo6jieMbi c Mepoii HnTerpnpoBanHii no no- 
JI5IM B 9T0H flHCKpeTH3au;HH, MM npefljiaraeM ^Be pasjinnnbix flHCKpeTH3au;HH, b 
KOTopbix TaKHG cjiojKnocTH OTcyTCTByiOT. A HMenno, npefljiojKena KajiH6poBon- 
Ho HHBapHaHTHa5i flHCKpeTH3an,HH TejienapajijiejiH3Ma n KajinSpoBOHHO - hh- 
BapnanTnaa flHCKpeTH3au,H5i RyaHKape - rpaBHTau,HH. 06e MO^ejin cnoco6nbi 
onncbiBaTb KBanxoByio Teopnio PnManoBon reoMeTpnn. B fleBiiTon rjiaBe naMH 
H3ynaeTC5i flHCKpeTH3au;H5i PnManoBon reoMeTpnn, ocnoBannaa na ^nnaMnne- 
CKHX TpHanryji5in;H5ix. 9Ta flHCKpeTH3an;H5i OTjinnaeTca ot paccMOxpennbix b 
npep,hipym;iix flByx rjiabax TeM, nTO b nen ocoGyio pojib nrpaeT snTponnnnbin 
4)aKTop. ^encTBHe nenpepbiBHOH TeopHH, no cyTH, ^ojijkho noHBHTbca ^nna- 
MHHecKH. Mm HHCJienno H3yHaeM MOflejib c 3aTpaBOHnoH pa3MepnocTbK) 10. 
noKa3ano, hto b stoh MO^ejin b OTjinnnn ot MOflejien c 3aTpaBonnbiMH pa3Mep- 
nocTHMH 3, 4, H 5, snTponnii npnnyjKflaeT MO^ejib npe6biBaTb b 4)a3e BeTB5inj;Hx- 
C5I nojiHMepoB (b nH3mHx pasMepnocTiix ona npnBOflHT MO^ejib b xaoTnnecKyio 
4)a3y). 
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FjiaBa 7 

^ByMepnaa rpaBiiTaij,iia. Hpe^eji cjia6oii 
CBa3H H fliiCKpeTii3aii;iia 

7.1 ^ByMepnaa rpaBHTaLi,Ha b npe^ejie cjiaSofi cbssh 

7.1.1 Onpe^ejiGHHe mo^gjih h Heo6xo/],HMOCTb paccMOTpeHHH flBy- 
MepHoro cjiynaa 

HH>Ke paccMaTpHBaeTCH flByMepnaH KBanTOBasi rpaBHTai],HH b GecKoneHHOM 
HHBapHaHTHOM oG'heMe. Mbi noKasbmaeM, hto b npe^ejie cjiaSoii cbj^sh ee ^HHa- 

MHKa CB0/],HTC5I K OflHOMepHOH KBaHTOBOH MexaHHKG. 3t0 n03BOJI5ieT HOJiyHHTb 

npocToe Bbipa>KeHHe ^jih /],ByxTOHeHHOH 4)yHKii,HH FpHHa, KOTopoe MO>KeT 6biTb 

HCnOJIbSOBaHO P^Jl^l TeCTHpOBaHH5I paSJIHHHblX pemeTOHHblX flHCKpeTH3aiI,HH. 

HonbiTKH KBaHTOBaTb rpaBHTaii,Hio KaK MO^ejib PHMaHOBoft reoMeTpHH c 
fleiicTBHeM SHHinTeiiHa - FHjibGepTa BCTpenaiOTCH c TpyflH0CT5iMH, CBHsaHHbi- 
MH c TeM, HTO fleftcTBHe HeorpaHHHeHO CHHsy (nocjie BHKOBCKoro noBopoTa). B 
pesyjibTaTe, KaK o>KHflaeTC5i, b BaKyyivie ppMnnRpyKiT 4)paKTajibHbie CTpyKTy- 

pbl C 60JIbmHMH 3HaHeHH5IMH CKajI5ipH0H KpHBHSHbl. 3tH 0>KHflaHH5I fleftCTBH- 

TejibHO Haxofl5iT ce6e noflTBepjK^eHHe b HHCjieHHbix HccjieflOBaHH^^x pasjiHHHbix 
flHCKpeTHSOBaHHbix MOflejiefi [Ij. Eme o^Ha Tpy/],HOCTb - sto HenepeHopMHpye- 
MOCTb [2]. Bee 3T0 Be^eT k HeoSxo^HMoeTH BKjiK)HHTb B paeeMOTpeHHe HOBbie 
HjieHbi B flefieTBHe, KOTopbie MoryT e^ejiaTb ero orpanHHennbiM ennsy h o6ee- 
neHHTb nepeHopMHpyeMoeTb TeopHH. 9to fleiieTBHTejibHO floeTHraeTesi eejiH b 
fleiieTBHe BKjiK)HaK)Te5i Hjienbi, KBa/],paTHHHbie no KpHBHsne [3]. KpoMe Toro, 
TaKa5i MOflejib MO>KeT 6biTb noeTpoena TaKHM o6pa30M, hto [cm. ejie^yroinyK) 
rjiaby) b KjiaeeHneeKOM npe^ejie BOSHHKaroT ypaBHeHH5i SftHniTeHHa b nyeTO- 
Te. Bojiee Toro, Teopna eTaHOBHTea aeHMnTOTHneeKH eBoGo^HOH. K eo>KajieHHK), 



131 



HenocpeflCTBeHHoe BKjiioHeHHe MaTepHH paspymaeT npaBHjibHbiii KjiaccHHecKHii 
npefleji. O^HaKO, b KanecTBe ajibTepnaTMBbi MaTepHH mo^kgt paccMaTpHBaTb- 
C5i KaK CHHryjij^pHOCTH npocTpancTBa - BpeivieHH. B stom cjiy^ae KjiaccHHecKHe 
ypaBHeHH5i SiiHmTeHHa b npHcyTCTBHH MaTepHH BOSHHKaiOT ecTecTBenHbiM ny- 
TeM [4j (o6cy>KfleHHe SToro TaK>Ke cm. b cjie^yion^eH rjiaBe). HpoSjieMa ynn- 

TapHOCTH, B03HHKaiOm,a5I B TeOpHH rpaBHTan,HH C BTOpblMH HpOHSBOflHblMH OT 

MeTpHKH, ocTaeTC5i B CHjie, oflHaKO, H OHa, B HpHHH,Hne MO>KeT HOJiyHHTb pe- 
meHHe nenepTypGaTHBHO [13]. Bee yKasaHHoe nosBOJi^^eT HpeflHOJio>KHTb, hto 
TeopH5i rpaBHTan,HH, ocHOBaHHaa na PHManoBOH reoMeTpHH h flencTBHH, KBa/i,- 
paTHHHOM HO KpHBHSHe, 3acjiy>KHBaeT HCCjie/],0BaHH5i. Psifl maroB b stom na- 
HpaBjieHHH Mbi H HpeflHpHHHMaeM B HacT05ini,eH H cjie/],yiom,eH rjiaBax. B rjiaBe 
8, BHponeM, B paccMOTpeHHe BKjiiOHaeTCsi HpocTenmee pacmnpeHHe PHMaHOBoii 
reoMeTpHH, ocHOBanHoe na nenyjieBOM KpynennH - reoMeTpHH PHMana - Kap- 
Tana. (3to npoflHKTOBaHO onpeflejieHHbiMH Tpy/],H0CT5iMH b onpeflejienHH Mepbi 
HHTerpHpoBaHH5i no noji5iM.) B rjiaBe 9 mbi paccMaTpHBaeM necKOJibKO hhoh 

nyTb KBaHT0BaHH5I rpaBHTaiJ,HH, OCHOBaHHblH Ha /],HHaMHHeCKHX TpHaHryjI5III,H- 

HanSojiee nocjieflOBaTejibHbiM cnoco6oM HsyneHHsi HenepTyp6aTHBHbix 

CBOHCTB KBaHTOBOH TeOpHH HBJI5ieTC5I HHCJieHHOe HCCJieflOBaHHe, OCHOBaHHOe Ha 

pemeTOHHOH flHCKpeTH3aH,HH. Moflejib, OHHcaHnasi Bbime, 6ypjHR nepeHecena na 
pemeTKy, Tep5ieT SHanHTejibHyio flOJiio CHMMeTpHH nenpepbiBHOH TeopHH. 9Ta 
CHMMeTpHH, pasyMeeTCH /],oji>KHa B0CCTaHaBjiHBaTbC5i b nenpepbiBHOM npe^ejie. 
rioBTOMy Heo6xo/],HMO cpaBHeHHe pemeTOHHbix pesyjibTaTOB c anajiHTHHecKH- 
MH. MeTbipexMepHbie MO^ejiH BecbMa cjio^khm h hx KOMnbiOTepHbie CHMyji5ii],HH 
Tpe6yiOT SHaHHTejibHoro BpeMenn h pecypcoB. B cb5I3h c sthm oco6oe snaneHHe 
npHoGpeTaeT paccMOTpeHne ynpomenHbix Mo^ejiefi, TaKHx, KaK ^ByMepnaH 
rpaBHTaij,H5i 0. 

7.1.2 ^HHaMHHecKHe nepeMGHHbie h BbiHHCJieHHH b npe^ejie cjia6oH 

HpH HsyneKHH 2D B? KBaHTOBoft rpaBHTai],HH biosHHKaeT Bonpoc: hto cjie^yeT 
HSMepHTb? MacTO HcnojibsyeMOH BejiHHHHoii 5iBji5ieTC5i CTaTcyMMa npn 4)hkch- 

^Cm. TaKJKe [5], r^e paccMaTpHBajiacb 2D /iHjiaTOHHaa rpaBHTan,Ha (BOcnpoHSBOflHmaH 2D E? rpaBHia- 
Li,Hio). 
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poBaHHOM HHBapHaHTHOM o6T3eMe V KaK 4)yHKii,H5i 3Toro oSiaeMa. 

Z{V) = J Dgexp{-P J R^^Sx)5{ J ^(fx - V) 

= i / i?5exp(-^ / R^^Sx)5{ J y^d'x - 1), (7.1) 

r/],e P - o6paTHa5i rpaBHTaii,H0HHa5i nocT05iHHa5i. 

B npe^ejie P/V >> 1 3Ty BejiHHHHy mo>kho oii,eHHTb cjie^yioinHM o6pa30M. 
Hpe^Kfle Bcero, HeTopoHflajibHaa TonojiorHH noflaBjiena, nocKOJibKy tojibko Top 
MO>KeT HecTH HyjieByio KpHBHsny. ^ajiee, npn /3 — )• oo CHCTeivia ( 18.31 ) CTanoBHTCsi 
SKBHBajieHTHa J\f ocii,HjijiHTopaM, rj\e M - hhcjio CTeneHeii CBoGoflbi. ^jih ^hc- 
KpeTHSOBaHHoii MOflejiH 3T0 HHCJio - N ^^^2 = A/", rj\e N - hhcjio tohgk ^hc- 
KpeTH3aij,HH. B pesyjibTaTG Z(V) ~ "^[^]^^^- C flpyroe CTopoHbi, ecjiH Hcnojib- 
soBaTb pasMepHyio peryji5ipH3aij,HK) [6] hjih TexHHKy koh4)opmhoh TeopHH nojisi 
[7], TO nojiynaeTCj^ HHoe Bbipa>KeHHe j\ji5i CTaTcyMMbi: Z(V) ~ y. 3to OTjiHHHe 
KaK pas H OTpa>KaeT tot 4)aKT, hto snaHHTejibHoe KOJiH^ecTBO CHMivieTpHH Tepsi- 
QTCii npH nepexofle k pemeTOHHOH /],HCKpeTH3ai],HH. TaKHM o6pa30M, BejiHHHHa 
(18.31) (TaK>Ke, KaK h jiK)6a5i ppyrasi BejiHHHHa, co/],ep>Kaina5i saBHCHMOCTb ot 



nojiHoro o6T.eMa CHCTeivibi) Hey/],o6Ha TecTHpoBaHH5i /],HCKpeTH3aii,HH KBan- 

TOBOH rpaBHTaiI,HH. B fleiiCTBHTejIbHOCTH, BblHHCJieHHblH B pemeTOHHOH MOflejIH 

BKjiafl sjieivieHTapHbix ocli,hjiji5itopob b acj^cJ^eKTHBHoe fleficTBHe flOJiJKen 6biTb 

COOTBeTCTByromHM 06pa30M BblHTeH H3 4)H3HHeCKHX Ha6jIK)flaeMbIX npH aKKy- 

paTHOM paccMOTpeHHH HenpepbiBHoro npe/],ejia (cm., nanpHMep, o6cy>KfleHHe 
HH>Ke B n. 7.2.). 

Bojiee y/],o6HbiM 5iBji5ieTC5i paccMOTpeHHe jioKajibHbix nepeivieHHbix, KOTopbie 
He co/],ep>KaT b ce6e OTMeHeHHbix Bbime npoGjieivi CBOiicTBeHHbix rjioGajibHbiM 
nepeMeHHbiM, 3aBHC5iinHM ot o6T.eMa. JloKajibHbie nepeMennbie s&brc^it ot mgt- 
pHKH g. HH>Ke paccMaTpHBaeTC5i nojiHbift Ha6op TaKHx nepeMennbix, onpe^ejieH- 

HblX B CHHXpOHHOH CHCTeiVie OTCHGTa. ^HHaMHKa, 3anHCaHHa5I B TepMHHaX 3THX 

nepeMeHHbix OKasbmaeTCH Heo>KH/],aHHO npocToft b npe^ejie cjia6oH cb5I3h, to 
ecTb Ha paccT05iHH5ix MHoro MeHbniHx, HeM Mbi TaK>Ke npe^nojiaraeM, hto 
paccMaTpHBaeMbie paccT05iHH5i mhofo MGHbine VV^ hjih, hto to >Ke - o6m,HH 
o6T.eM CHCTeMbi Hpe/],H0JiaraeTC5i SecKonenHbiM. 

3a4)HKCHpyeM TOHKy A h paccMOTpHM reo/],e3HHecKHe jihhhh, saKaHHHBaio- 

m,HeC5I B 3T0H TOHKe. B6jIH3H K a 3TH JIHHHH BbirjIJIfl5IT KaK HpSMbie. 3a4)HKCH- 
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pyeM op;ay h3 hhx (/q) h napaivieTpHsyeM ocTajibHbie /^r (HHBapHaHTHbiivi) yrjiOM 
a MeyKflj Iq h Ig. ripH (5 ^ oo noBepxHOCTb rjiaflKaa h cr G [0, 27r[. 

06o3HaHHM nocpeflCTBOM Bt-{s) G /(j TaKyio TOHKy, hto paccT05iHHe Mewipj 

A H Bt-{(J) paBHO T = Bt{(J)). 3tH TOHKH 4)0pMHpyK)T SaMKHyTyK) KpHByK) 

Cr = {Br{(j)\(J G [0, 27r[}. ^JIHHa HaCTH 3T0H KpHBOH, C0eflHH5IK)IHeH Br{(j) H 

5t-(0) o6o3HaHHM s(cr, r). 

OyHKIJ,H5I s((7, r) nOJIHOCTbK) OnHCblBaeT JIOKajIbHbie CBOftCTBa MeTpHKH. 

HapaMeTpHsyeM tohkh MHoroo6pa3Ha nepeMennbiMH (t, cr). Tor^a (/(r, cr) = 
' 1 

e^i'^''^) 



i?=-[5.V + ^(5.0)^]. (7.2) 



Cjie^yeT OTivieTHTb, hto 2D KBaHTOBasi rpaBHTaii,H5i 6e3 Hjiena c b flefi- 
CTBHH B CHHxpoHHOH CHCTGMe OTCHeTa 6bijia paccMOTpeHa BO MHO>KecTBe paGoT 
(cm., HanpHMep, [8]). 

KpHBHSHa ( 17.21 ) SaBHCHT TOJIbKO OT "BpeMeHHOH"npOH3BOflHOH 8^ (h He 3a- 

BHCHT OT "npocTpaHCTBeHHbix"npoH3BOflHbix da)- 3to cymecTBeHHO ynpomaeT 
flHHaMHKy. CTaTcyMMa 3anHCbiBaeTC5i b BH^e: 

Z = J D(j)exp{-i3 J [5^0 + ^{dr(j)y]^e'^/^dadr). (7.3) 

(ripH /3 — > oo /],eTepMHHaHT Oafl;];eeBa - HonoBa ne cymecTBeneH.) 
MHHHMyM 3KcnoHeHi],HajibHoro (|)aKTopa b (17.31 ) /],0CTHraeTCH, ecjiH 

d'j + lidr<P)' = (7.4) 



Pema5i ( 17.41 ) c cooTBeTCTByiomHMH rpaHHHHbiMH ycjiOBHHMH npH r = nojiy- 



HaeM: (pd = 21ogr. 3to npe^nojiaraeT, b HacTHOCTH, hto p^jinna Cr paBHa 2tit 

KaK OHO H flOJI>KHO 6bITb J\J15{ HJIOCKOH reOMGTpHH. 

riosTOMy Mbi npeflCTaBji5ieM 

= 21ogr + cj(r,cr) (7.5) 

H Kama HOBasi flHHaMHHecKaH nepeMennasi - w, npe^CTaBjiHioinasi OTKjioneHHe ot 
njiocKoro cjiynaH. Ph^ Oypbe fljia uj: uj{r, cr) = En '^n('r)e*"''^, where oj^ = "^l^- 
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0603HaHHM Un = UJ^'' + lUJ^^^ C flefiCTBHTejIbHOH UJ^^ ■ OHeBH/],HO, CJq^'' = 0. 

FayccoBO npH6jiH>KeHHe ^aeT: 

Z = f n„L'cjnexp(-27r/3 ^ / |5jcj„ + -drCOnfrdr). (7.6) 

5IcH0, HTO Bce rapMOHHKH pacnpocTpaH5iK)TC5i HesaBHCHMO H Kama sa^a^a - 

paCCMOTpeTb paCnpOCTpaHGHHe 0/],H0H rapMOHHKH. C rpaHHHHblMH yCJIOBHHMH 

oj = npH r = Mbi nojiyHaeM cjieflyioinee Bbipa>KeHHe ^jih flByxTOHGHHOH 

4)yHKLl,HH FpHHa (bblBO/l, CM. HH>Ke): 

< J^\r)jJ\r') >= %^{r^(l " - r) + (r?(l - ^)^(r - r')} 

(7.7) 

(AJI5I (fc,n)7^(2,0)). 

3thm h HCHepnbiBaeTCH onncaHHe cjia6oH cb5I3h b 2D rpaBHTai^HH b Fayc- 

COBOM npH6jIHJKeHHH. HHTepeCHOH 0C06eHH0CTbK) (17.71 ) 5lBJl5ieTC5l TO, HTO Kop- 

peji5ii[R5i npHcyTCTByeT p^awie ecjiH oflna h3 TO^eK pacnojio^Kena npn r = oo. 

Tenepb mm MO^KCM BblHHCJIHTb, B HaCTHOCTH, K0ppejI5ILI,HK) flJIHH \Ct\ KpHBblX 

Cr npH pasHbix r: 

< ig - 1] [g4 - 1] >= gg^lr^d - - .) + - ^).(. - /)} 

(7.8) 

H 4)jiyKTyai],HK) § stoh ^jiHHbi KaK (|)yHKii,HK) r: 

< - 11^ >= li^^ f^-^) 

TaKHM o6pa30M, mm onpe;];ejiHjiH flHnaMHHecKHe nepeMennbie, nojiHOCTbio 
onHCbmaiomHe jiOKajibHbie CBoiiCTBa flByMepnoft KBaHTOBoft rpaBHTan,HH. B npe- 
flejie cjia6oH cb5I3h MOflbi 4)ypbe sthx nepeMeHHbix pacnpocTpaH5iK)TC5i nesaBH- 
CHMO. CooTBGTCTByiomasi KBaHT0B0MexaHHHecKa5i 3a/],aHa B FayccoBOM npnGjiH- 

>KeHHH CBOflHTCH K BblHHCJieHHK) flByXTOHeHHOH 4)yHKLl,HH. nOJiyHeHHMH HaMH 

pesyjibTaT p^jisi stoPl 4)yHKLi,HH p^aeTCsi 4)opMyjiOH (17.71 ). nojiyHeHHbie Bbipa>Ke- 

HH5I (17.71 ) - (17.91 ) MOryT HCnOJIb30BaTbC5I, B HaCTHOCTH, p^Jlil npOBepKH pa3JIHHHbIX 

pemeTOHHMx flHCKpeTH3ai],HH pfiymepnoR rpaBHTai],HH. 



' (I7.9p ;i,aeT hrm OLi,eHKy npHMCHiiMOCTH Hamero npH6jiHJKCHHH: r << \/192tt(3 ^ 25\/P h t << y^V/ir. 
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7.1.3 BbiBO/i, Bi>ipa:a<:eHHH (17.71) 



BbinojiHHM saMeny nepeMennbix t = K Pe3yjibTHpyK)ma5i CTaTcyMMa flji5i oflHoft 
rapMOHHKH HMeeT bh^ 

Zq = J Duexp{-27r(5 J {J'ft^dt). (7.10) 

npoH3BO/],Ha5i drUJ orpaHHHeHa npH r = 6jiaro/],apH rjia^KOCTH MHorooGpa- 
3H5I. Tor/],a u = —-^drCd flOJi>KHO CTpeMHTbCH K HyjiK) npH 6ecK0HeHH0M t. Ta- 

KHM 06pa30M, CHCTeMa ( 17.101 ) flOnOJIH5ieTC5I rpaHHHHblMH yCJI0BH5IMH w, cj' — > 



npH t — > oo. 

Mbi Hcnojib3yeM BcnoMoraTejibHyio nepeMeHHyio rj = uj' . Ona pacnpocTpa- 

HHGTCH B COOTBGTCTBHH C BOJIHOBOH 4)yHKII,HeH 

^(r/,t) = / Dr/exp[-27r/5 j^{fl)H'>dt] - r/), (7.11) 

r/],e f/(oo) = 0. 

OnpeflejiHM raiviHjibTOHHaH H{t): 

S{f]{t)-m)mt + ^t)-r]2). (7.12) 

CTaH^apTHbie MeTO/],bi ^aioT 

< T/i|e-^W^*)|T/2 >= exp(-27r/3(r/2 - mft'/^t) (7-13) 



H 

< T/i|e-^>(^)^*|T/2 >= exp(-87r^(7y2 - m?/{i " 4)) (7.14) 

Tor/],a 

= <7/|e-r^(i')'^^'|o>=exp(-87rtV^2) ^7_;l5) 
HojiyHaeM cjieflyioinHH pesyjibTaT flji5i flByxToneHHOH (|)yHKi],HH: 
< r]{t)r]{t ) > = — J drjdrj rjirj 







exp(-87r(0V(r/? - 87r/3(r/ - r/')V(^ - ^))(7.16) 
136 



npH t > t. Tor^a 



riycTb G{t,t) =< u{t)u{t) >. Tor^a 



G(t, *') = f dtf di^^,e(t - t) + - r) (7.19) 

OKOHHaTejibHoe pemeHHe 

Bo3Bpaina5icb k nepeMeHHoii r, nojiy^aeM: 

< ioirUr') >= 245^{r^(l " 2^)f (r - r) + (rV(l - ^)e(r - r')} (7.21) 

3to Bbipa>KeHHe mo>kho npoBepHTb cjie^yiomHM oGpasoM. JJ,Ji5i jiioGoh 4)yHK- 
ii,HH /(r) 3aHyji5iK)ineHC5i npn r = 0, oo BMecTe c npoHSBO^HbiMH (BnjiOTb flo 
TpeTbero nopsi^Ka) HMeeivi: 

J T T 

= /i{24J(r-r') 



6 

+ [-20r + 25^ - ^ - 4^]^'(r - r'] 



■[-10r2 + 7^ + 2(r')2 + ^]^"(r-r' 



r r 



+ [-r^ + ^ + r(r? - ^]<5"'(r - r )}/(r)dr (7.22) 

Hcnojibsya HHTerpHpoBaHHe no nacTHM, sto Bbipa>KeHHe nepenncbmaeM b 
BH^e 

/ 47r^(a^ - 26',i)r(6'J + -) < uj{t)uj{t) > f{T)dT = 

J T T 

= 1 6{r- r)f{r)dr (7.23) 

3t0 H 5lBJl5ieTC5l npOBepKOH TOrO, HTO (111.191) fleftCTBHTejIbHO flaeT (|)yHKII,HK) 

FpHHa onepaTopa 47r/3(5^ — 2dr\)T{dl + ^) npncyTCTByiomero b (17.61 ). 
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7.2 Mepa b ^ByiviepHOH /],HCKpeTH30BaHH0H KBaHTOBoii 
rpaBHTaij,HH 

7.2.1 IlocTaHOBKa 3a/],aHH 

Bbime HaMH paccMaTpHBajiacb flByMepnaH rpaBHTaLi,H5i b npe^ejie cjia6oH cb5I3h, 
Kor^a KOHKpeTHbiH BHfl Mepbi HHTerpHpoBaHH5i no nojiHM He Ba>KeH no cpaBne- 
nnio c fleiicTBneM, nocKOJibKy ono coflep>KHT 4)aKTop /3 — > oo. Tenepb paccMOT- 
pHM noflpo6no Bonpoc o Mepe nnTerpnpoBannsi no reoMeTpn^^M n to, KaK sto 
nnTeprnpoBanne flOJiJKno ocym,ecTBji5iTbC5i b flncKpeTnsoBannon rpaBHTan^nn. 
Mbi npefljiaraeM Bepcnio /],ByMepnoro ncnncjiennsi Pe/],>Ke, b KOTopoM njioni,aflH 
CHMnjieKCOB paBnbi flpyr flpyry. B stoh flncKpeTH3an,HH Mepa Jlyn^a - Pe/],>Ke 
no jinnKOBbiM nepeiviennbiM cym,ecTBenno ynpon],aeTC5i. Hama Mepa jiOKajibna 
B npoTnBonojio>KHOCTb o6biHHOMy HCHHCJiennK) Pefl>Ke c Mepon Jlyn^a - Pe- 
fl>Ke, r^e Mepa OKasbmaeTca nejiOKajibnoii, a peajibnbie CHMyjian,Hn cyn],ecTBen- 
no ocjio>Knenbi. 

KaK y>Ke OTMenajiocb Bbime, o^na ns ocnoBnbix Tpy^nocTen KBanTOBon rpa- 
BHTau,Hn - 3T0 mnpoTa ee KajinGpoBonnon rpynnbi - rpynnbi o6ni,nx KOop^nnaT- 
Hbix npeo6pa30BaHHH. Hs-sa stoh mnpoTbi nonxn neB03MO>Kno nojio>KnTb Teo- 
pnio na pemeTKy 6e3 noTepn KajinGpoBonnon nnBapnanTnocTH. B HacT05ini,nH 
MOMenT eflHHCTBeHHO B03MO>KnoH KajinSpoBonno - nnBapnanTnoii flncKpeTHsa- 
n,neH 5iBji5ieTC5i ncnncjienne Pefl>Ke. O^naKO, n,enoH Kajin6poBonnoH nnBapn- 
anTnocTH 5iBji5ieTC5i npo6jieMa c onpe/],ejienneM Mepbi nnTerpnpoBannsi. 3/],ecb 
BMecTO MeTpHKn, KOTopasi 6bijia b nenpepbmnon Teopnn jiOKajibnbiM nojieM, 
4)yn/],aMenTajibHbiMn Kajin6poBonno - nnBapnanTHbiMn BejinnnnaMn hbjihiotch 
p^jiunhi jinnKOB. A MeTpnxa Bbipa>KaeTC5i nepes nnx nejiOKajibno. HosTOMy n 
Mepa OKa3biBaeTC5i nejiOKajibnon. 

He CMOTpa na to, hto b [9j n CB5i3annbix ny6jinKan,n5ix yTBep>K/],aeTC5i, hto 
onpeflejiennbiH Bbi6op jiOKajibnon Mepbi nnTerpnpoBannsi no ^jinnaM jinnKOB 
MO>KeT OKa3aTbC5i cooTBeTCTByK)ni,nM nenpepbmnon Teopnn, Tonxa 3penn5i aBTO- 
pa nacT05in],eH flnccepTan,nn nnaa. HoflpoGno mbi apryMenTnpyeM namy Tonxy 
3penH5i B FjiaBe 8, rj\e o6cy>K/],aeTC5i Mepa, npe^jiaraeMaa b [9] n o6cy>KflaK)TC5i 
ne;],ocTaTKn SToro noflxo^a. B nacT05ini,eH rjiaBe mbi npnnnMaeM b KanecTBe ot- 
npaBHoii tohkh flji5i nocTpoenna Mepbi nnTerpHpoBanna b ncnncjiennn Pe/],>Ke 
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TaK HasbiBaeMyK) Mepy JlyH^a - Pe/],>Ke (cm., Hanpniviep, pD], r^e ona TaK>Ke 
Ha3biBaeTC5i Mepofi fl^e BiiTTa). B otjihhhh ot Mepbi, npefljiaraeMoii b [D] h hb- 
jij5K)ineHC5i SBpHCTHHecKOH, 3Ta Mepa nocjieflOBaTejibHbiM nyxeM nojiyHena h3 

C00TBeTCTBH5I C HOpMOH Ha npOCTpaHCTBe pHMaHOBblX reOMeTpHH. KaK OTMGHa- 

jiocb Bbime, OHa b o6meM cjiy^ae nejiOKajibHa. B flencTBHTejibHOCTH ee 4)opMa 
CTOJib cjio>KHa, HTO npeflCTaBji5ieTC5i HeB03M0>KHbiM HcnojibsoBaTb ee B peajib- 

HblX HHCJieHHblX CHMyjI5ILl,H5IX. 

OflHaKO, B HacT05imeH rjiaBe mbi noKasbmaeM, KaK STa Tpy^HOCTb mo>kho 
npeoflOJieTb b flByiviepHOM cjiy^ae §. ^jih Toro, HTo6bi c^ejiaTb sto mm npn- 
HHMaeM KOMnpoMHCCHoe pemeHHe. A HMeHHO, mm naHHHaeM flHCKpeTHsai^HK) 
rpaBHTai],HH, CTapxysi c HenpepbiBHoii TeopHH, b KOTopoft KajiH6poBKa HacTHH- 

HO (|)HKCHpOBaHa 4)HKCai],HeH KOH(|)OpMHOH MOflbl. B peSyjIbTaTe MM npHXOflHM K 

BepcHH HCHHCJieHHH Pefl>Ke, B KOTopoM HjiomaflH Bcex CHMnjieKCOB paBHM Apyr 
flpyry. B stoh /],HCKpeTH3ai],HH Mepa Jlyn^a - Pe^JKe CTanoBHTCH jiOKajibHoii, 

HTO n03BOJIJ5eT OCymeCTBJIOTb HHCJieHHbie CHMyjI5m,HH. 

7.2.2 Mepa Jlyn^a - Pe^:a<:e 

npe>Kfle Bcero HanoMHHM ocHOBHbie cJ^aKTbi o Mepe HHTerpHpoBanHsi b KBan- 
TOBOH rpaBHTan,HH. HpocTpaHCTBOM, no KOTopoMy npoH3BO/];HTC5i HHTerpHpoBa- 

HHe, 5lBJl5ieTC5l MHO>KeCTBO BCeX KOMnaKTHMX D - MepHMX PHMaHOBblX MHoro- 

o6pa3HH. Ha stom npocTpancTBe onpeflejiena cjieflyromasi MexpHKa 

Xopomo H3BecTH0, HTO B KOHeHHOMepHOM cjiy^ae jiK)6a5i MexpHKa (na kom- 
naKTHOM npocTpancTBe) npo/],yii,HpyeT e^HHCTBeHHyK) Mepy /i. B p^Byx cjiOBax 
npoii,e/],ypa nocTpoenHH mctphkh pa6oTaeT cjie^yioinHM o6pa30M. npe>Kfle Bce- 
ro Bbi6epeM neKOTopoe e. ^ajiee, HanojiHHM mapaMH pa^Hyca e Bce npocTpan- 

CTBO. IlJapbl flOJI>KHbI 6bITb paCnOJIOJKeHM HJIOTHO, to eCTb HX KOJIH^eCTBO - 

MaKCHMajibHO B03MO>KHoe fljiH flaHHoro e. 3aTeM ^jih jiK)6oro ^aHHoro MHO>Ke- 
CTBa Q C A (Bce npocTpancTBO o6o3HaHeHO A) BbiHHCji5ieM KOJimecTBO mapoB, 

•^K cojKajieHHK), npefljiaraeMbiii cnoco6 ne yflaeTca nepenecTH na MHoroMepHbiii cjiy^^aii. IIosTOMy b cjie- 
;i,yioiii,eH rjiaee, nocBHmeHHOfi HCTbipexMepHbiM MO^ejiaM mm npe^jiaraeM hhoc pemeHHe fljiH HOCTpoenHH 
jiOKajibHoit Mepbi HHTerpHposaHHa b flHCKpeTHSOBaHHbix Mo;i,ejiHx rpaBHTaLi,HH, ocHOBanHoe na pacniHpeHHH 
PHMaHOBOii reoMeipHH pfl reoMeTpHH PHMana - KapTana. 
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pacnojio>KeHHbix BHyTpn Q. 06o3HaHHM sto hhcjio ng(Q). OKOHHaTejibHO 

/i(Q) = lim,^o^ (7.25) 

B npHHn,Hne STa npon,eflypa MO>KeT 6biTb o6o6meHa h na GecKOHeHHOMepHbiii 
cjiyHaft. ripocTpaHCTBO MO>KeT 6biTb npeflCTaBjieno KaK npe^eji nocjieflOBaTejib- 

HOCTH KOHeHHOMepHblX KOMnaKTHblX npOCTpaHCTB. A HMeHHO, Ka>KflOe PHMaHO- 

BO npocTpaHCTBO MO>KeT 6biTb paccMOTpeHO KaK npe^eji nocjieflOBaTejibHOCTH 
KycoHHO - jiHHeftHbix MHoroo6pa3HH, nocTpoeHHbix H3 Bce 6ojibmero KOJiH^e- 
CTBa CHMnjieKCOB (cHMnjieKC - D - Mepnoe o6o6meHHe TpeyrojibHHKa h nnpa- 
MHflbi). 3Ta npoij,e/],ypa h nasbmaeTCsi Pe^JKe - flHCKpeTH3ai],HH. Tor^a mo>kho 
nonbiTaTbC5i nocTpoHTb HenpepbiBHyro Mepy na npocTpancTBe Bcex PHManoBbix 
reoMeTpHH KaK npe^eji Mep, onpeflejieHHbix na yKa3aHHbix Bbime KycoHHO - 
JiHHeftHbix HpocTpancTBax. Mepa na Pe/i,>Ke - flHCKpeTH30BaHH0M PniviaHOBOM 
npocTpancTBe c 4)HKCHpoBaHHoft TpHaHryji5iii,Heft (to ecTb B3aHMH0M pacnojio- 

>KeHHeM CHMnjieKCOB), ho pa3JIHHHbIMH pa3MepaMH CHMHJICKCOB, COOTBCTCTBy- 

lomaH HopMC (17.241) . - h Ha3biBaeTC5i HH>Ke Mepoft Jlyn^a - Pefl>Ke [10]. 

^JI5I TOrO, HT06bI BblHHCJIHTb CC B 5IBH0M BHflC, CHa6flHM Ka>Kflblft CHMHJieKC 

[rori...r£)] 6a3HCOM {j^^^ , ' ■■■ ' ir^r^J"' ^ stom 6a3Hce MCTpHKa paBHa 

9^J = ^(|ror.|2 + IFoF/ - |r,r/).. (7.26) 

3flecb iFiFjl - 3T0 paccT05iHHe MeyKpj TOHKaMH F^ h Tj. HoflCTaBHM (l7.26l ) b 
(i7.24l ) H HOJiyHHM 4)opMy, KBaflpaTHHHyio ho BapHaH,H5iM fljiHHbi jiHHKOB (mbi 

0603HaHHJIH flJIHHy JIHHKOB tti) . 

Hepefl 3THM HepeHHiHCM (17.241 ) b cjie^yioineM bh^c: 

= J d^x^\{-6g^P6g,, + ^[6log\g\]') (7.27) 



2 

Mbi HCH0Jib30BajiH 3flecb, HTO ^l^^] = \g\g^^Sgik h gjiSg^^ = —g^^Sgji. 
npe/i,CTaBHM g"^^ KaK 

= ^^_\^,^ e^°^-'e^^^-"ffa.ff5g-Pc^. (7.28) 



140 



Tor^a, noflCTaBHB ( 17.281 ) b ( l7.27l ). nojiyHHM: 



e'«''''<'e'-'J-'SgtiSgavgig...gds C + 2 



WSgf = j d"x[-- ^plg), + ^(*log|fll)Vlsl] (7.29) 

Tenepb BBe^eM HOByio nepeMeHHyio gij = \g\^^gij. /^eTepMnnaHT \g\ paBen 
eflHHHii,e no nocTpoeHHio. Hcxo^Hasi nojieBasi nepeivieHHasi gij Tor^a npe^CTaB- 
ji5ieTC5i KaK npoH3Be/],eHHe 3toh hoboh nepeMeHHoii h KOH4)opMHoro 4)aKTopa 
l^r]^. B pesyjibTaTe ( 17.291 ) nepenncbiBaeTCH KaK 

(L»-2)! 2 

TaKHM oGpasoM, mm bh^hm, hto KOHcj^opMnaH MO^a opToronajibHa nojiio gij. 
Ha CHMnjiHi],HajibHOM MHoroo6pa3HH Bbipa>KeHHe ( 17.291 ) HivieeT bh^: 



II c ||2 f iD r ^ "' ^''^"'''^9kldgavgbg---gds , C^+;d/xi I |\2i [Tl /v Qn^ 

= J d x[ (n-9V — + ^^(^iogbl) Ivbl (7-30) 



II r ||2 [ ^^°'^"''^^^''^""'^9kl5gavgbg---gds . C + 2 |\2 ^1 /7Qi\ 

ll^all = E [ ^77^ — T^rr^ + ^^{5^og\g\) ,J\g\\ (7.31) 

simplices V l^'K^ ~ ^ 

3flecb@ Ha Ka>KflOM CHMnjieKce gij Bbipa>KaeTC5i nepes fljiHHbi jihhkob am- 
Co6Hpa5i Bce Hjienbi, KBa^paTHHHbie no 6arm MO>Kno nojiynnTb OKonnaxejib- 



nbiH pesyjibTaT 



M\'= E 0,J[a]6{a^,)6{a^^, (7.32) 



J' 



c MaTpnn,eH O, KOTopaa (b o6ni,eM) saBncnT ot /],jinn jinnKOB /],OBOJibno cjio>k- 
nbiM oGpasoM. ^ajiee mm noKa>KeM, o^naKO, hto b p^Byx nsMepennax 3to bm- 
pa>Kenne cym,ecTBenno ynpom,aeTC5i ecjin mm najiaraeM neKoe ^onojinnTejibnoe 
orpannnenne na Pe/],>Ke - CKejieTon. 

Hs ( 17.321 ) cjie^yeT, hto pe3yjibTnpyK)m,aj5 Mepa flaeTC5i§ P [TP] : 



Da = Det^ 0[a]U,^c^daf, (7.33) 

Bbipa>Kenne ( 17.331 ) 6bijio nasBano b [10] Mepon - BnTTa. O^naKO, mm 
nojiaraeM 6ojiee npaBHjibnbiM nasbiBaTb ee Mepon JIyn/],a - Pe/],>Ke, nocKOJibKy 



^CjieflyeT OTMCTHTb, hto anajiorHT^HBiM o6pa30M BbipajKeHne (|7.30p MOJKeT Sbitb nepeneceHO na chmhjih- 
n,HajibHoe MHoroo6pa3He. OflnaKO, Tor^a ochobhoc cbohctbo (|7.30[) TepaeTca. A HMeHHO, na peineTKe mbi 
CHOBa MOJKCM BBecTH HOBBic nepeMeHHbie (bmccto fljiHH jihhkob). 3th HOBbie nepeMeHHbie - sto HjiomaflH 
TpeyrojiBHHKOB h ocTaiOHi,Heca yrjibi. HaHBHO mojkho ojKHflaTb, hto no anajiorHH c gij h \g\ HOflnpocTpancTBa, 
HaTHHyTBie na sth flBa MHOJKecTBa nepeMennbix opToroHajitHbi. OflnaKO, sto ne xaK, HOTOMy, ^to Tenept 
HH^H,HpoBaHHaH (jij Ha CHMHjieKcax (|)yHKH,H0HajibH0 aaBHCHT H OT ynoMSHyTbix yrjiOBbix nepeMenHbix, h 
OT Hjioniaflefi TpeyrojibHHKOB. 

^Mbi o6o3HaHaeM mhoskcctbo jihhkob pcmcTKii KaK Ci, a MHOscecTBO TpeyrojibHHKOB KaK C2. Mhcjio tohck 
o6o3HaHaeTca KaK iVo , hhcjio TpeyrojibHHKOB o6o3HaHaeTCH KaK N2 , hhc jio jihhkob o6o3HaHaeTca KaK iVi . 
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BbiBeflena ona 6bijia h3 Bbipa>KeHH5i j^jisi ivieTpHKH, BnepBbie flanHoro JlyHflOM 
H Pefl>Ke B Hx Heony6jiHKOBaHHOM npenpHHTe. KaK y>Ke OTMenajiocb, b o6iri;eM 
cjiy^ae ( 17.331 ) hg no^xoflHT p^jiii npaKTmecKHx BbiHHCjieHHH h3 - sa cjio>khoh 



H HejiOKajibHOH 4)opMbi. HH>Ke 6yfleT noKasano, hto b p^Byx HSMepeHHax mo>k- 
HO /],0CTHrHyTb cymecTBGHHoro ynpomeHH5i, no3BOJi5iiomero HcnojibsoBaTb Mepy 
JlyHfla - Pefl>Ke b npaKTHHecKHx HHCJieHHbix Hccjie^OBaHHiix. 

7.2.3 ^ByMepHbiH cjiynaii 

HxaK, o6paTHMC5i k ^ByMepHOiviy cjiyHaio. Hpe^Kfle Bcero, B03BpaTHMC5i k nenpe- 
pbiBHOH {J)opMyjiHpoBKe. HpejKfle, neu flHCKpeTHSOBaTb Mo^ejib, HacTHHHO cJ^hk- 
CHpyeM KajiH6poBKy, Tpe6y5i, HTo6bi KOHcJiopMHa^^ Mo^a \g\ HMejia SHaneHHe, ne 
saBHCHmee ot nojio>KeHHa na noBepxHOCTH: 



\g{x)\ = ^\g{xo)l (7.34) 

r^e g{x) - MeTpHHecKHH Tensop, a xq - 4)HKCHpoBaHHa5i TOHKa na noBepxHOCTH. 
ripoii^eflypa Oa^^eeBa - HonoBa {6ypjHR npHMeHena k CTaTcyMMe MOflejiH c 
fleiicTBHeM S[g]) ^aeT 

Z = J Dgexp{-S[g]) J Df5{log^\ -log^\gf{xo)\)App[g] 

= J Dgf-'Df exp(-5[/"^])(5(log - log ^\g{xo)\)AFp[gf''] 

= J Dgexp{-S[g])6{log^\-log^\g{xo)\)AFp[g] (7.35) 

3/],ech|j penapaMeTpH3an,HH oSosHaneHbi KaK /, a hx fleftcTBHe na MexpHKy o6o- 
3HaHeHbi g'^ . YHHTbiBaeM, hto /],eHCTBHe S[g], Mepa Dg, h fleTepMnnaHT Oa^- 
^eeBa - HonoBa Applg] penapaMeTpH3aD,H0HH0 HHBapHaHTHbi. 

^eTepMHHaHT Oafl/],eeBa - HonoBa Bbipa>KaeTca KaK (penapaMeTpH3ai],HH 3a- 
nncaHbi 3flecb KaK x ^ x — y{x)) : 

A-iMi -fnxn |g(a:-^(x))|'/^(l + |a,.;/''(x)) ^ 

- /Wg ^;g^ )^ const (7.36) 



^BajKHO OTMBTHTb, HTO onpeflejiCHHe flejibTa - 4)yHKD;HH na PHManoBOM MHoroo6pa3HH Tpe6yeT 3a- 
;i,aHHH (JjOHOBOii mbtphkh go- A HMenno, STa 4)yHKn,Ha mojkct 6i>iti> npe/^CTaBjiena xax S{h{x)) = 
lini4_^(x> exp(— t J {x) gQ{x)<P x) . B Hamux (JjopMyjiax mbi npe^nojiaraeM, hto HexaH (JjOHOBaa mctphkh 
saflana. H 3Ta MeTpHxa ne hmcct HHHero o6mero c flHHaMHHecKoii nepeMCHHOH g. (PasyMeeTca. laKHM see 
o6pa30M Mepa no penapaMeTpH3an,HaM Df onpeflejiHeTca no OTHomeHHio k SToii (J^ohoboh MCTpHKe.) 
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TaKHM o6pa30M, AFp{g) ne saBHCHT ot ivieTpHKH. 

HxaK, Mbl HaHHHaeM flHCKpeTH3ai],HK) KBaHTOBOH rpaBHTai],HH C MO^ejIH c 
CTaTCyMMOH 

Z = J Dg exp(-5'[^])^(log ^\^\ - log Mxo)\) (7.37) 

B Pefl>Ke flHCKpeTH3ai],HH (17.371) mbi Hcnojibsyeivi Mepy JlyH^a - Pe^jKe (I7.33P 
BMecTO Dg. BiviecTO j\ejihTdu - 4)yHKii,HH ^(log ^J\g{x)\—log \/\g{xo)\) mbi hchojib- 
syeM ee flHCKpeTHSOBaHHyio BepcHio: 

e[a] = nj,c„j^Jo^(log^^ - log^^°), (7.38) 

r^e npoHSBe^eHHe - no TpeyrojibHHKaivi (bcgm, Kpoivie flannoro TpeyrojiBHHKa Jq) 
CHMnjiHi],HajiBHoro MHoroo6pa3H5i, a A'^ - njioma^B TpeyrojiBHHKa. Mbi TaK>Ke 
MOJKOM npe/],CTaBHTB nocjie/],Hee BBipajKenne b cjiepjKtuxeM BRpfi: 

e[a] = J Uj^cA^ogA' - log {V/N2))^, (7.39) 

rfle V - 061HHH HHBapHaHTHBIH oSTdGM. 

TaKHM o6pa30M, CTaTcyMivia flHCKpeTHSOBanHOH Mo^ejin HMeeT bh/i, 

Z = I Daexp{-S[a]) (7.40) 
r^e S[a] - flHCKperasoBaHHoe fleftcTBHe, a Da - Mepa: 

Da = {Det^Ofa] ^} {U.^cM} {njec.^(log^'' - log(y/iV2))} (7.41) 

B (17.411 ) no5iBHjiocB flonojiHHTejiBHoe orpanHHenHe na jiHHKOBBie nepeivieH- 
HBie. Mbi yflep>KHBaeM njioma/],H Bcex TpeyrojiBHHKOB paBHBiMH flpyr Apyry. 
HcxoflHO HMejiocB A^^i CTeneHeii cbo6o/],bi. Ectb A^2 flonojiHHTejiBHBix ycjiOBHH. 
B Ka>K/],OH TOHKe HMeeTCT TaK>Ke 2 jinniKHx jiOKajiBHBix CTeneHeii CBo6oflBi. 
ripome Bcero hohhtb hx npnpofly, paccMaTpHBasi njiocKyio noBepxHOCTB. Tor^a 
jiOKajiBHBie CMemeHHH Ka>Kfloro ysjia pemeTKH BnyTpn noBepxHOCTH ocTaBjiaeT 
annpoKCHMHpyeMyio noBepxHOCTB HeHSMeHHoii. HxaK, nojiHoe hhcjio jiHniHHx 
CTeneneH CBo6oflBi paBHO 2A^o = N2 + 4(1 — /i), r^e h - po/i, noBepxHOCTH. fl,Ji5i 
Topa HHCJio /],onojiHHTejiBHBix ycjiOBHH paBHO HHCJiy jiHniHHx CTeneneH cboGo^bi. 
B cjiynae c4)epBi hhcjio /],onojiHHTejiBHBix ycjiOBHii MenBine, hqm hhcjio jinm- 
HHX CTeneneH cboSo^bi. fl^Ji^i /i > 1, o^naKO, name flonojiHHTejiBHoe ycjiOBHe 
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MO>KeT CTaTb cjiHniKOM orpaHHHHTejibHbiM. riosTOMy fljiH noBepxHOCTH pofla 
h > 1 HHCjio /],onojiHHTejibHbix ycjiOBHH flOJi>KHO 6biTb yMeHbineno. ^ajiee mm 
orpaHHHHBaeM ceGsi cjiy^asiMH /i = 0, 1. 

OcHOBHoe ynpomeHHe /],0CTHraeTC5i b Bbipa>KeHHH ^jih fleTepMHHaHTa 
DetO[a] B cneii,HajibHOM cjiy^ae C = —2 Kor/],a njioma^H Bcex TpeyrojibHH- 
KOB paBHbi Apyr Apyry. B stom cjiy^ae (17.311) HMeeT bh^: 

= E e'\^^6gii6gi, (7.42) 



JeQ 



2 



3to BbipajKGHHe MO>KeT 6biTb jierKO nepenHcano b TepMHHax ^jihh jihhkob af. 

\M' = ^T.U'-^5{a^)5{a^) (7.43) 

rpfi MaTpHLi,a U saBHCHT ot TpHaHryji5iii,HH h ne saBHCHT ot ^jihh jihhkob. TaKHM 
o6pa30M, B 3T0M cjiyHae Det 0[a] ~ -^p^. 

HosTOMy Mbi HpHxoflHM K cjie/],yiom,eMy BbiBo^y: B flbyx nsMepennsix (flji55 
/i = 0, 1; C = —2) Mepa no flHCKpeTHSOBaHHbiM reoMeTpnsiM HMeeT BUflj. 

Da = {V-'+^^/'dV} {U.^cA^}} {Uj^cA^ogA' - log [V/N^))}, (7.44) 
Bbipa>KeHHe (17.441 ) h ecTb ochobhoh pesyjibTaT HacTo^mero pa3/],ejia. 



7.2.4 Moflejib c KBa^paxoM kphbhshbi b ^eitcTBHH 

Tenepb paccMOTpHM npHMep KOHKpeTHOH 2D MO^ejiH. A HMeHHO, paccMOTpHM 
flHCKpeTHSOBaHHyio MOflejib. CxaTcyMMa HMeeT bh^: 

Z= iDaeM-P E -S^) (7.45) 

riojiHbiH yroji HOBopoTa (deficit angle) b tohkc i oGosnanen KaK 9i. S^ecb mm hc- 
HOJibsyeM TpaflHn,HOHHoe onpeflejienne flncKpeTHSOBannoH CKaji5ipnoii Kpn- 
BHsnbi [vj\Q Bi[a\ = Y.ieJ \^'^ - cyMMa no TpeyrojibnnKaM, HMeK)m,nM flan- 
nyio TOHKy i b KanecTBe Oflnoii ns cbohx Bepmnn). 

Tenepb paccMOTpnM CTaTcyMMy ^jih 4)nKCHpoBannoro nnBapnanTnoro o6t.- 



eMa (mm nepecKajinpyeM a KaK a — > ^J2V/N2a)^. 

Z{V) = V^'^l^-^Ziy), (7.46) 

^3;i,ecij H ;i,ajiee mbi paccMETpHBaeM Mepy c tohhoctbio j\o 4)aKTopa, saBHcamero tojibko ot TpHanryjiai^HH. 
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r^e 

Z{V) = / n.^cM exp(-i ^ E -^)IljecA'^A'H - 1), (7.47) 

^JI5I TOrO, HT06bI BblHHCJIHTb Z {V) H HSBJIGHb CTpyHHyK) BOCnpHHMHHBOCTb 
Mbl flOJI>KHbI HCCJieflOBaTb Koppeji5iTop 



r^e ycpe/],HeHHe npoH3BO/],HTC5i b MO^ejiH, onpeflejieHHoii CTaTcyMMOH ( 17 ■471 ). 



HpH V » 1 CTpyKTypa ZiV)^ KaK o>KHflaeTC5i, jxojukrq. cooTBeTCTBOBaTb 
cjieflyioineMy Bbipa>KeHHK) 

Z{V) ~ y~^+^exp(my)), (7.49) 

rfle 7 - 3T0 TaK HasbiBaeMaH CTpyHHaa BOcnpHHMHHBOCTb (string succeptibility) , 
am- nepeHopMHpoBaHHaH KOCMOJiorHHecKasi nocT05iHHa5i jH]. 

C flpyroH CTopoHbi, mm o>KHflaeM, hto b npe^ejie N2 » V » 1 CHCTeivia 
B jiHflHpyioineM nopHflKe Be^eT ce6H KaK co6paHHe Nd ocii,Hjiji5iTopoB, r^e A^^ - 
3(|)4)eKTHBHoe HHCJio CTeneHeft CBo6oflbi. HxaK, Be^ymasi ^acTb (17.481) : 

F{V) = ^ + o{N2) (7.50) 



HaHBHO MO>KHO npe/],nojio>KHTb, HTO = Ni — N2. Tor/],a mm MO>KeM npe/i,- 

3 
2- 



CTaBHTb 7 KaK (mm 3/],eCb HCnOJIbSOBajIH, hto A^i = iA^2 



7 = A^2 + 7/m + 0(i-), (7.51) 

rfle 7/i„ He saBHCHT ot A^2- 

C flpyroH CTopoHM, 4)opMyjia KHSfTT] ^aeT KOHenHbift pesyjibTaT: 

l = 2-^-{l-h) (7.52) 

CpaBHeHHe flByX yKaSaHHblX Bbipa>KeHHH ^JIH CTpyHHOfi BOCnpHHMHHBOCTH 

noKasbiBaeT hx HecoBna^eHHe. O^HaKO, b6jih3h k nenpepbiBHOMy npe^ejiy hhc- 
jio CTeneHeii CBoGoflbi MO>KeT 6biTb yMenbineHO 6jiaroflap5i BOCCTaHaBjiHBaromefi- 
C5I CHMMeTpHH (KOTopasi 6bijia noTep5iHa b flHCKpeTHSOBaHHoft MOflejin). Hpn 

3T0M MO>KeT nOJiyHHTbC5I HHOG Bbipa>KeHHe flJIH CTpyHHOH BOCnpHHMHHBOCTH B 
flHCKpeTHSOBaHHOH MOflejIH. BnpOHGM, HCCJieflOBaHHe STOrO BOnpOCa BblXO^HT 

3a paMKH Hamero anajiHsa. 
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7.2.5 MoflH4)HKai],HH ajiropHTMa MeTponojiHca 

Ba>KHO OTMeTHTb, HTO oGbiHHbiH ajiropHTM MeTponojiHca, Gy^yHH npHMeneH k 
CHCTeMe ( 17.471 ) flOJiJKen 6biTb EHflOHSMeneH c TeM, HTo6bi peajiHSOBaTb flonojiHH- 



TejibHbie orpaHHHeHH5i na njioma^H TpeyrojibHHKOB. HpH HSMenenHH ajihh jihh- 
KOB ycjiOBHe Ai = 0.5 paspemaeTCsi cjiepyKyu^RM oGpasoM. CjiyHaiiHbiM o6pa30M 
Bbi6HpaeTCJ5 jiHHK, npefljiaraeTCT HOBoe snaHeHHe ero fljiHHbi, h paccMaTpHBa- 
K)TC5i flBa TpeyrojibHHKa, HMeioiuHe ero b KanecTBe oSmeii CTopoHbi. B Ka>K/],OM 
H3 3THX TpeyrojibHHKOB Mbi BbiSnpaeM BepniHHy, He HpHHafljie>Kan],yK) flannoMy 
jiHHKy. JJ^ajiee pacciviaTpHBaiOTCH Bce TpeyrojibHHKH, nMeKun^ue o^ny h3 sthx 
ToneK B KanecTBe BepniHHbL PesyjibTHpyion^aH 4)Hrypa coctoht h3 flbyx SBes/i, 
c /],ByM5i OTMeneHHbiMH Bbime TOHKaMH B KanecTBe H,eHTpoB. 

EcjiH ecTb Til BHyTpeHHHx jiHHKOB 3T0H 4)Hrypbi (to ecTb He HpHHa/],jie>Ka- 
ni,Hx rpaHHH,e stoh 4)Hrypbi), Tor^a ecTb jih6o ni — 1, jih6o ni — 2 Tpeyrojib- 
HHKOB, HpHHafljie>Kani,Hx 4)Hrype. TaKHM o6pa30M, 0CTaBji5i5i Hpe>KHHMH ^jiHHbi 
rpaHHHHbix JIHHKOB H HCxo;],Horo jiHHKa, Hb5i /],jiHHa y>Ke 6bijia oSnoBjiena, mm 
MO>KeM B 060HX cjiynasix paspeniHTb ycjiOBne A"^ = 0.5 BHyTpn 4)Hrypbi. O^na- 
KO, HepaBeHCTBa TpeyrojibHHKa MoryT sanpeTHTb paspemeHne namero p^Duoji- 

HHTejIbHOrO yCJI0BH5I p^Jlil HeKOTOpblX SHaneHHil flJIHHbl HCXOflHOrO JIHHKa. EcjiH 

TaK, HpefljiaraeM nnoe SHanenne fljiHHbi Hcxo^noro jiHHKa h bhobb HbiTaeMC5i 

paSpeUIHTb flOHOJIHHTejIbHbie yCJI0BH5I. 

Ha HpaKTHKe mm HcnojibsyeM ^oh. ycjiOBne 

|^'^-0.5|<(5 (7.53) 

Ha Ka>KflOM TpeyrojibHHKe. S^ecb 6 BbiGpana ^ocTaTOHHO Majioii. 

HTo6bi paspeniHTb flOHOJiHiiTejibHbie ycjiOBHH mm p^ejiaeu necKOJibKO maroB 
BflOJib Bcex JIHHKOB (JiHrypbi, paspemeHHMx k HSMenenHio. HoflCTpaHBasi Ka>K- 

flblH JIHHK, MHHHMHSHpyeM BejIHHHHy (A^ — + (^2 ~ i)^' Ai H A2 - 

njion];aflH TpeyrojibHHKOB, HMeK)n],Hx flanHbiii jihhk b KanecTBe o6ni,eH CTopo- 
Hbi. MHHHMH3aH,H5i fl0CTHraeTC5i peHieHHeM Ky6HHecKoro ypaBHeHH5i. npoH,efly- 
pa HOBTop5ieTC5i HTepaTHBHO HOKa ycjiOBHe (17.531) ne /i,ocTHraeTC5i na Ka>K/i,OM 
TpeyrojibHHKe. 

riocjie BbiHOJiHeHHH flaHHOH HpoH,e;],ypbi 4)opMHpyeTC5i Hpefljio>KeHHe hobmx 

/],JIHH BHyTpeHHHX JIHHKOB 4)HrypbI. 3aTeM 3T0 HpeflJIO>KeHHe HpHHHMaeTC5I c 
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o6bmHOH BepoiiTHOCTbio { p = 1 ecjiH AS* < 0, Hnane p = e , r^e AS* - 
cooTBeTCTByiomee HSMenenHe fleiiCTBHii). 

7.3 ny6jiHKaLi,HH 

PesyjibTaTbi HacTOHmeii rjiaBbi onyGjiHKOBaHbi b pa6oTax 

"2D R**2 gravity in weak coupling limit M.A. Zubkov. Pliys.Lett.B594:375- 
380,2004 

"Measure in the 2D Regge quantum gravity M.A. Zubkov. 
Pliys.Lett.B616:221-227,2005 
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FjiaBa 8 



MexbipexMepnaa KBaHTOBaa rpaBHTai],Ha. 
^HCKpeTH3ai],Ha TejienapajiJiejinsMa h 
IlyaHKape - rpaBiiTai],Hn 

8.1 rpaBHTai],Ha c ^encTBHeM, BKjiiOHaioiu,HM Hjienbi, 
KBa/],paTHHHbie no kphbhshc 

KsaHTOBaH rpaBHTai],H5i 5iBji5ieTC5i oji^hoPl h3 BajKHbix npo6jieM coBpeMenHoii 
TeopeTHHecKOH 4)H3HKH. ^aHHbie o CTpyKType rpaBHTaii,HH Ha njiaHKOBCKoii 
niKajie aneprHii npnxoflHT k HaM ot eflHHCTBeHHoro peajibHoro aKcnepHMCHTa, 
KOTopbiM 5iBji5ieTC5i HCTopHii BcejieHHOH. 3th flaHHbie MoryT 6biTb nojiy^eHbi 
H3 acTpo4)H3n^ecKHx Ha6jiiOfleHHii. 3th 9HeprHH He MoryT 6biTb flocTHrnyTbi b 
SKcnepHMeHTax, co3flaHHbix BpyHnyio, hto cynj;ecTBeHHO ycji05KH5ieT CHTyaH;Hio. 
MaTeMaTH^ecKafl CTpyKTypa KBanTOBon rpaBHTaD,HH ppjiyKHa 6biTb CB5i3a- 

Ha C PHMaHOBOH reOMeTpHGH, K0T0paJ5 flOJI>KHa nOSBHTbCa, KaK MHHHMyM, B 

KjiaccHHecKOM npe^ejie KBaHTOBOii TeopHH. Pa3yMeeTC5i, ecTb MHO>KecTBO reo- 
MeTpHHecKHx H ajire6paH^ecKHx cxpyKTyp, KOTopbie MoryT cjiyjKHTb ochoboh 
KBaHTOBOii TeopHH rpaBHTaH;HH. OflnaKO, b nacTOiin^HH MOMenT y nac neT oc- 

HOBaHHH flJIH TOrO, HT06bI Bbl6paTb Ty HJIH HHyiO MaTeMaTHHeCKyiO OCHOBy J\JI5l 
6ypyTL[e^ TeopHH. IToSTOMy eCTeCTBenHblM 5IBJI5ieTC5I "MHHHMajIbHbIH"Bbl6op, 

B03Bpani,aK)ni,HH nac k PHManoBOH reoMeTpHH. ^a>Ke ecjiH Taxasi TeopH5i h He 
6yfleT HCHepnbiBaiomeH, ona MO>KeT HOHBHTbCH KaK xopomee HH3K03HerpHTHHe- 
CKoe npH6jiH>KeHHe. 

KaK H3BecTH0, HepenopMHpyeMbie acHMHTOTH^ecKH CBo6oflHbie Teopnn xo- 
pomo onpeflejieHbi na Majibix paccTOiiHHiix. Mbi ne MOJKeM CKa3aTb to me npo 
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nepeHopMHpyeMbie TeopHH, KOTopbie He sibjisikitcsi acHMnTOTHHecKH CBo6oflHbi- 
MH H, TeM Gojiee, o HenepenopMnpyeMbix Teopnax. HosTOMy ecTecTBeHHO 6bijio 
6bi HaHHHaTb nonbiTKH nocTpoeHH5i KBaHTOBOH TeopHH rpaBHTaH,HH c Tpe6oBa- 

HH5I HepeHOpMHpyeMOCTH H aCHMHTOTHHeCKOH CBo6o/],bI. 

TaK>Ke HSBecTHO, hto yjibTpa4)H0JieT0Bbie pacxo/],HMOCTH b KBanTOBoft rpa- 

BHTaH,HH C fleftCTBHeM KBaflpaTHHHbIM HO KpHBHSHe MOryT 6bITb HOrjIOH];eHbI 
HepenOpMHpOBKOH KOHCTaHT CB5I3H [12]. Moflejib, paCCMOTpeHHaSI B [12] H 

saHHbix Hy6jiHKaH,H5ix HMeeT cjieflyiom,ee fleftcTBHe {6ypjHR npeoSpasoBana k 
Ebkjih/],oboh CHrnaType npocTpancTBa - BpeivieHH): 

S = f {a{RABRAB - \r^) + PR^ - imlR + \m%}\E\d'^x, (8.1) 
vj\Q \E\ = detE"^, - nojie TeTpa^bi, TeTpa^Hbie KOMnoneHTbi Tensopa Phh- 

HH 0603HaHeHbI RaBi R - CKajI5ipHa5I KpHBHSHa. KoHCTaHTbl CB5I3H ^5, 7, H 

A - GespasMepHbie, b to BpeM5i, KaK nip - pasMepHbift napaivieTp. JlnneapHSO- 
BaHHaa (B03Jie njiocKoro 4)0Ha) Teopnsi co/],ep>KHT rpaBHTOH h flonojiHHTejib- 
Hbie TensopHbie h CKaji5ipHbie B036y>KfleHH5i. IIponaraTop Be^eT ceGsi KaK ^ b 
yjibTpa4)H0JieTe npn a, /5 7^ 0. TensopHoe B036y>K/],eHHe HBjiHeTca ^yxoM, hto 
BefleT K noTepe yHHTapnocTH. IIojiHoe nenepTypGaTHBHoe paccMOTpeHHe acHMn- 
TOTHHecKHx C0CT05IHHH, oflHaKO, MO>KeT npHBecTH K pemeHHK) 3T0H npo6jieMbi 
[13]. Bepo5iTHO, Tpa/],Hii,HOHHbiH noflxofl Sflecb He pa6oTaeT nocKOJibKy BsaHMO- 

flefiCTBHe Me>Kfly KBaHTOBblMH B036y>KfleHH5IMH (a TaK>Ke HX 4)opMHpoBaHHe) 

- 6ojiee cjio>KHbi, HeM npe^nojiaraeTCsi npn HcnojibsoBaHHH o6biHHbix MeTo;],OB 
TeopHH B03Myn],eHHH. TeM He ivienee, Teopna B03Myn],eHHH ^jih (|)yHKn,HH Fpn- 
na MO>KeT coflep>KaTb Ba^Knyro HH4)opMaH,HK). Mbi o>KHflaeM, hto 6jiaroflap5i 
HepeHOpMHpyeMOCTH Teopnn 3to pa3Jio>KeHHe 5iBji5ieTC5i caMOCorjiacoBanHbiM h 

MO>KeT, B HpHHH,HHe, paCCMaTpHBaTbC5I KaK HpH6jIH>KeHHa5I CXeMa BblHHCJieHHH. 

OflHaKO, Hpo6jieMa yHHTapnocTH - ne e/],HHCTBeHHa5i npoGjieMa, BCTpenaK)- 
ni,aHC5i HpH paccMOTpeHHH TeopHH c fleiicTBHeM (18.11) . A HMenno, TpeSoBanne 
Toro, HTo6bi fleiicTBHe (18.11) 6bijio orpanHHeno CHHsy Be^eT k HOsiBjiennK) Ta- 
xHona. 3to osnanaeT, hto HjiocKoe HpocTpancTBO ne siBji^ieTCii HCTHHHbiM Ba- 
KyyMOM MOflejiH. Taxnon HcnesaeT, ecjiH paccMaTpHBaeTC5i 4)OHOBa5i MeTpHKa, 
MHHHMH3HpyK)m,a5i (18.11) [T5] . B flOHOjineHHe k yjibTpa4)H0JieT0BbiM pacxo^HMO- 
CTHM Teopw B03Myn];eHHH mojkct TaK>Ke co^ep^KaTb h HHcJipaKpacHbie pacxo^n- 
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MOCTH. JJ^jisi Toro, HTo6bi OTflejiHTb Hx paccMOTpeHHe OT paccMOTpeHHH yjibTpa- 
4)H0JieTa, cjie^yeT HcnojibsoBaTb flonojiHHTejibHyio peryji5ipH3an,HK). HanpHMep, 
Mbi MO>KeM 3a4)HKCHpoBaTb nojiHbiH HHEapnaHTHbiH oG^heM CHCTeMbi. Tor/],a b 
o6biHHOH (cKa>KeM, pasMepHOH, HjiH pemeTOHHOii) peryji5ipH3aij,HH yjibTpacj^H- 
ojieTOBbie pacxoflHMOCTH norjiomaiOTCH nepeonpeflejieHHeM KOHCTaHT cb5I3h, h 

Ka>KflbIH HJieH p5Ifla TeOpHH BOSMymeHHH CTanOBHTCH KOHeHHblM. B TeopHH c 
(|)HKCHpOBaHHbIM HHBapHaHTHbIM oS^beMOM KOCMOJIOrHHeCKaSI nOCTOHHHaH He 

BjiH5ieT Ha flHHaMHKy, a fleiiCTBHe orpaKHHeno CHHsy ecjiH [a > 0, /3 > 0, 
7 7^ 0) HJIH (a > 0, /3 > 0, 7 = 0). PeHopMrpyHHOBoii anajins HOKasbiBaeT, 
HTO HpH a, (3 > cym,ecTByeT o6jiacTb KoncTanT cb5I3h, Taxasi, hto Teopnsi 

aCHMnTOTHHeCKH CB060/],Ha OTHOCHTejIbHO a H /5, B TO BpeM5I, KaK 7 - MO>KeT 

6biTb Bbi6paHa nocTOHHHOii (b oflHoneTjieBOM npH6jiH>KeHHH) . Mbi He o6cy>K- 
flaeM HH>Ke B03M0>KHbie pacxoflHMOCTH, KOTopbie MoryT BOSHHKHyTb B npe^ejie 

y — > OO. OTMeTHM, OflHaKO, HTO aHajIOrHHHbie paCXOflHMOCTH, nOHBJIHIOIUHeCH 

B K3^, KOMneHHpyiOTC5i wsjiyHeweM msifkhx 4)otohob. Bepo5iTHO, noflo6HbiH 
MexaHHSM KOMneHcaii,HH MO>KeT peajiHSOBaTbcsi ii b KBaHTOBoii rpaBHTaii,HH. 

K co>KajieHHK), KjiaccHHecKHii Hbiotohobckhh npe^eji Hejib35i nojiy^HTb h3 
fleHCTBH5i (18. ip noKa oho orpaHH^eHO CHHsy. O^naKO, ecjiH mbi CTapTyeM c hh- 
CTOH rpaBHTai],HH c fleficTBHeM (18.11) (c A = 0) H noBopaHHBaeivi Teopnio oGparao 
K CHrnaType npocTpancTBa Mkhkobckofo, pemeHH5i ypaBHeHHH SftHniTeiiHa b 
nycTOTe 6yfljT y^OBjieTBopHTb KjiaccHHecKHe ypaBHeHHH fl^BnyKewsi §. Tor^a 
MaccHBHbie ToneHHbie o6T.eKTbi MoryT 6biTb, b HpHHH,HHe, paccMOTpenbi KaK 
CHHryji5ipH0CTH HpocTpancTBa - BpeivieHH |4], a Hbiotohobckhh npe^eji ho5ibji5i- 
eTC5i KaK acHMHTOTHKa pemeHHH BH^a nepHbix flbip. HpeflHOJio^KHM, cnnryjisip- 
HOCTb Bflojib HeKOTopoH jiHHHH BHCflpeHa B HpocTpaHCTBO - BpeM5i. ToFfla ypaB- 
HeHHH SHHiHTeiiHa B HycTOM HpocTpancTBe Be^yT k ypaBnennHM SHHiHTeiiHa 

B HpHCyTCTBHH HaCTHH,bI, HBH MHpOBail JIHHH5I COBHa^aeT C JIHHHeft CHHryjI5ip- 

HOCTH. Macca HacTHH,bi He 4)HKCHpyeTC5i ypaBHeHHHMH H0JI5I, HO HOKasano, hto 
6ypjHR sa^ana, ona ne H3MeH5ieTC5i co BpeivieneM [4j. 3to yKasbiBaeT na to, 
HTO MaTepHH MO>KeT 6biTb BBe^ena b KBanTOByio Teopnio rpaBHTaH,HH c fleft- 



^3to He eflHHCTBeHHBie pemeHHH ypaBHeHHii ;i,BH>KeHHH. OflnaKO, npn 7 = A = HpocTpancTBa 3hh- 
niTeiiHa MHHHMHsnpyiOT (Eekjihaobo) fleiicTBHe. HosTOMy npeflCTaBjiaeT HHTepec paccMOTpeHne TeopHH c 
fleiiCTBHeM (|8.ip npn ycjiOBHH, ^^to na neKOTopofi niKajie sneprnH nepenopMupoeaHHue KOHCTaHTbi 7 h A 
aanyjiHiOTCH. 
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CTBHeM ( 18. li ) TaKHM o6pa30M, HTO BocnpoH3Bo;],HTC5i pesyjibTaTbi o6ineH TeopHH 
OTHOCHTejibHOCTH npH Q;>0, /5>0,A = 0. 



8.2 ^HCKpeTH3aiJ,HH 

^ajiee 6ypjT pacciviaTpHBaTbcsi flHCKpeTH3aii,HH KaK na rHnepKy6HHecK0H, Tax 
H Ha CHMnjiHi],HajibHOH pemeTKe MO^ejiH c fleftcTBHeM ( 18.11) npn a > 0, /3 > 0. 



TpaflHn,HOHHbiH noflxo/i, k flHCKpeTH3ai],HH 6a3HpyeTC5i na reoMeTpHHecKOit hh- 
TepnpeTaii,HH b TepMHHax PHMaHOBoii reoMeTpHH. HosTOMy ocHOBHbie nepeMen- 
Hbie - 3T0 MeTpHKa H 5*0(3, 1) (hji 5*0(4)) CB5i3HOCTb. B HeKOTopbix cxeiviax 
Hcnojib3yiOTC5i pacmHpeHH5i cb5I3hocth (cKa>KeM, cb5I3hocth rpynnbi HyaHKape 
HjiH rpynnbi CnTTepa). TeTpa^a BMecTe c 5*0(3, 1) Kajin6poBonnbiM nojieivi 
no5iBji5noTC5i KaK nacTb cooTBeTCTByiomeH CB5i3HOCTn, a iviexpnKa KOMnonyeTca 
H3 TeTpaflbi [U dB]. TpeSoBanne Toro, nTo6bi Kpynenne 3anyji5ijiocb npHBO^HT 
K noHBjiennio PnManoBon reoMeTpnn. Hn>Ke naivin pa3BHBaeTC5i cooTBeTCTByK)- 
m,nH noflxofl (cM.n. 8.4.). 

AjibTepnaTnBnbiH noflxo/i, k flHCKpeTH3an,nn PnivianoBOH reoMeTpnn CB5i3an 
c ncnncjienneM Pe/],>Ke [El, [ISl [12], b KOTopoM npocTpancTBO - BpeM5i npn- 
6jiH>KaeTCJ5 Mno>KecTBOM CHMnjieKCOB (neTbipexMepnbiH anajior TpeyrojibnnKa n 
nnpaMHflbi) CKjieennbix BMecTe. Ka>K/],biH cnivinjieKC npe^nojiaraeTCsi njiocKHM. 
FeoMGTpnsi onpefleji^^eTCsi pa3MepaMn cnivinjieKCOB. Hncjiennbie nccjieflOBannH 
cooTBeTCTByK)m,nx MO^ejien npoH3BOflHjiHCb na npoT5i>Kennn nocjieflnnx 20 jieT. 
B nacTnocTn, Teopna c /],eHCTBneM KBaflpaTnnnbiM no KpnBn3ne 6bijia nccjie/],o- 
Bana b stom noflxo^e (cm. [18]). K co>KajiennK) noflxo/i, Pefl>Ke flncKpeTn3an,nn 
CBH3an c npo6jieMOH b onpe^ejiennn Mepbi nnTerpnpoBannH (cm. nn>Ke n. 8.4.1, 
a TaK>Ke rjiaBy 7) |19| . 

B noflxofle flnnaMnnecKnx Tpnanryji5in,nH (flT) peajin3yeTC5i BapnanT ncnnc- 
jienna Pe/],>Ke [20j c 4)nKcnpoBannbiMn pa3MepaMH cnMnjiCKCOB. B stom noflxofle 
pa3Jinnnbie cnoco6bi CKjienBannsi cnMnjiCKCOB n 5ibji5ik)tc5i ^nnaMnnecKnMn ne- 
pcMcnnbiMn (cm. cjie/],yK)ni,yK) rjiaby). K co>KajiennK), 3a ncKjironenncM cjiynasi 
D = 2 cnMnjinn,Hajibnoe Mnoroo6pa3ne, ncnojib3yK)m,eec5i b noflxo^e fl^T ne 
B cocToannn BOcnpoH3BecTn njiocKoe npocTpancTBO. 06binno npeflnojiaracTCH, 
HTO njiocKoe npocTpancTBO no5iBji5ieTC5i npn6jin>Kenno. Ho b stom cjiynae Jio- 
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KajibHoe /],eHCTBHe KBaflpaTHHHoe no KpHBHsne ne nepexoflHT b fleftcTBHe ( l8.1l ) 
c 7 = A = B HenpepbiBHOM npe^ejie: Bcerp^a noHBjiaeTCH Hjien jiHHeHHbiii no 
R [21]. 

HH>Ke Mbi H3Jio>KnM, /],Ba noflxofla k /],ncKpeTn3an,nn PnivianoBon reoMexpnn 
§. Oflnn H3 nnx ocnoBan na flHCKpeTH3an,nn Teopnn rpaBHTan,nn b Tejienapaji- 
jiejibnoH 4)opMyjiHpoBKe [23], a flpyron ocnoBan na flHCKpeTH3au,HH HyanKape 
rpaBHTan,nn, to ecTb rpaBnTan,nn c KpynenneM. 



8.3 TejienapajijiejiH3M 

8.3.1 IlpocTpaHCTBO BeHLi,eH6oKa 

reoMeTpnnecKasi KoncTpyKn,n5i, na KOTopon ocnoBan TejienapajiJiejin3M, - sto 
npocTpancTBO BeHn,en6oKa, KOTopoe 5iBji5ieTC5i nacTnbiM cjiynaeivi npocTpan- 
CTBa Pniviana - KapTana. HpocTpancTBO Pniviana - Kapxana - sto KacaTejib- 
noe paccjioenne, cna6>Kennoe CB5i3nocTbio rpynnbi HyanKape. Fpynna Hyan- 
Kape cocTonT n3 npeo6pa30BannH Jlopenn,a n Tpancji5in,nH. Tpancji5in,nonna5i 
HacTb CB5i3nocTn n/],enTn4)nn,npyeTC5i c nojieivi TeTpa^bi n onpe^ejisieT MexpnKy. 
CooTBeTCTByK)m,aH nacTb KpHBH3Hbi nepexoflHT b Kpynenne. PnivianoBa reoMeT- 
pHH B03HHKaeT KOFfla 3aHyji5ieTC5i Kpynenne. FeoMeTpnH BeHn,en6oKa - sto npo- 
THBonojio>KHbiH cjiynan: JlopeHn,eBa nacTb KpHBH3nbi 3anyji5ieTC5i, a Kpynenne 
OTjinnno ot nyjiH. TejienapajiJiejin3M - sto Teopn5i reoMexpnn BeHn,en6oKa, njin 
Tpancji5in,nonna5i Kajin6poBonna5i Teopn^^. 

Ecjin npocTpancTBenno - Bpeiviennoe Mnoroo6pa3He napajiJiejiH3yeM0 (KaK 
3T0 npeflnojiaraeTC5i nn>Ke), JlopeHu,eBa CB5i3nocTb MO>KeT 6biTb Bbi6pana paB- 
noH nyjiK) npn nyjieBon KpnBn3ne. HosTOMy eflnncTBennoH flnnaMnnecKon ne- 
peMennoH j5Bji5ieTC5i TeTpa^a, paccMaTpnBaeiviaj^ KaK Tpancji5iu,Honna5i cb5I3- 
nocTb. 06binno b Tejienapajijiejibnon rpaBnTan,nn ^encTBne Bbipa>KaeTC5i ne- 
pe3 Tpancji5in,nonnyK) KpnBn3ny (Kpynenne). HpocTpancTBenno - Bpeiviennbie 
H BnyTpennne nn^eKCbi MoryT cnapnBaTbC5i c ncnojib30BanHeM no Ji^i TeTpa^bi. 

^Hnbie noflxoflbi k flucKpeTHsai^HH pHManoBoii reoMeTpHH o6cy}K;i,aK)TCH b o63ope [IJ. HeKOToptie h3 
KOHCTpyKn,HH ynoMSHyTbix b [Ij coflepjKai TeopnH c fleiicTBHeM (|8.1[) b xanecTBe ^acTHoro cjiynas hjih mo- 
ryT SbiTb HSMeHeHbi cooTBCTCTByiomHM o6pa30M. HcT^epnbiBaiOLLi,ne HiicjienHbie HCCjieflOBanHH npoBOflHjiHCb 
TOjiBKO B PefljKe H noflxoflax |181 I20| . h b MOflejiii CHTTepa |l35l I22| . Mo;;ejib, cooTBeTCTByromaa 
jievLCiBmo (|8.ip ^hcjichho iiccjie/iOBajiacb tojibko b paMKax hchhcjichhh Pe/i,jKe |18| na o^enb MajieHbKHx 
peineTKax. 0/i,HaKO, HaynajiacB ynpomeHHaa MO/i,ejib c a = 0. 
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3KBHBajieHTH0CTb McyKflj HenpepbiBHbiMH TeopHHMH PHMaHOBoii H BeHii,eH6o- 
KOBOH reoMeTpHH 3aflaeTC5i, ecjiH b PHManoBOH reoMeTpHH Bce Bbipa>KaeTCH 
Hepes MeTpHKy, a nocjie^HsiH CTpoHTC5i h3 TeTpa^bi, KOTopasi H/],eHTH4)Hii,Hpy- 
CTCii c TpaHCJi5iij,H0HH0H CB5i3HOCTbK) reoMeTpHH BeHii,eH6oKa. HanpHMep, cyme- 
CTByeT cneii,HajibHbiH Bbi6op j\eRCTBw TejienapajiJiejiHSivia, KBaflpaTHHHoro no 

TpaHCJI5m,H0HH0H KpHBHSHG, KOTOpOe nepeXOflHT npH yKaSaHHOH Bbime H^eHTH- 

4)HKaii,HH B fleftcTBHe SHHniTeftHa - PHjibSepTa. TaKHM o6pa30M, cymecTByeT 
TejienapajijiejibHa^^ BepcHH OTO. 

Cjie^yeT OTivieTHTb, hto b paiviKax flHCKpeTHSOBaHHoii HyaHKape - rpaBHTa- 
i],HH KpyneHHe MO>KeT noj5BHTbC5i KaK flHCJiOKaii,HH CHMnjiHLi,HajibHOH pemeTKH 
[24] ■ PemeTOHHaa ^HCKpeTHsai^H^^ TejienapajiJiejiHSMa mo^kct, b npHHi],Hne, 6biTb 
nocTpoena, CTapTyH c [21], ecjiH CHMnjiHLi,HajibHoe MHoroo6pa3He y/],ep>KHBaeT- 

C5l COOTBeTCTByiOmHM HJIOCKOMy npOCTpaHCTBy. B COOTBeTCTByiOmeH MOflejIH 

cjie^yeT onpe^ejiHTb nojie Texpaflbi, 4)yHKi],H0HajibHyK) Mepy h pemeTOHHyio 
npoHSBOflHyio KpyneHHsi. Hnoe npe^CTaBjieHHe pemeTOHHOH TejienapajiJiejib- 
HOH rpaBHTaij,HH paccMaTpHBajiocb b [25j , r^e 6a30BOH KOHCTpyKii,HeH 5iBji5ieTC5i 
o6biHHoe CHMnjiHi],HajibHoe MHoroo6pa3He, HcnojibsyioineecH b HCHHCJieHHH Pe- 
p^TKQ. TeH3op PHMana na CHMnjiHi],HajibHOM MHoroo6pa3HH mo^kct 6biTb Bbipa- 
>KeH Hepes BTopbie npoH3Bo;],Hbie ot hojih TeTpa^bi. B pesyjibTaxe b [25] mo>k- 
HO onpeflejiHTb KOMnoneHTbi pemeTOHHoro Kpy^eHH^^, cooTBeTCTByioiuHe Tejie- 
napajiJiejibHOMy SKBHBajieHTy TeopHH Pefl>Ke c /^eiicTBHeM SHHniTeiiHa. 3tot 
noflxofl no3BOJi5ieT TpaKTOBaTb CHMnjiHii,HajibHoe PHManoBO MHorooGpasne KaK 
npH6jiH>KeHHe pemeTOHHoro npocTpaHCTBa BeHii,eH6oKa h BbipasHTb KjiaccHHe- 
CKHe ypaBHeHHH 3HHmTeHHa b Pe^^Ke flHCKpeTH3ai],H b TepMHHax KpyHeHHH. 
K co>KajieHHK), pacmnpeHHsi SToro (JiopiviajiHSMa na rpaBHTaij,HK) c BbicniHMH 

npOHSBOflHblMH He npOHSBOflHJIOCb. 

HH>Ke HaMH npe/],jiaraeTC5i ajibTepnaTHBEbm cnoco6 /],HCKpeTH3ai];HH Tejie- 
napajiJiejibHOH rpaBHTaii,HH, no3BOJi5iK)inHH pa6oTaTb c fleftcTBHeM (18. II ). B Ha- 
meM noflxofle reoMeTpH5i BeHii,eH6oKa nepeH0CHTC5i na pemeTKy HenocpeflCTBeH- 

HO, 6e3 HCnOJIb30BaHHJ5 flOnOJIHHTejIbHblX CTpyKTyp (xaKHX, KaK CHMnjIHI],HajIb- 

Hoe PHManoBO MHoroo6pa3He, Hcnojib3yeMoe b OTMeneRHbix Bbime noflxo^ax 
[211 125] )■ Hama ocHOBHaa nepeivieHHasi - sto pemeTOHHasi CB5i3HOCTb A6ejieB0H 
KajinGpoBOHHOH rpynnbi TpaHCJiHLi,HH h Bce BejiHHHHbi Bbipa>KaK)TCH Henocpe/i,- 
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CTBeHHO Hepes nee. 



8.3.2 ^HCKpeTHsyeMaa Mo^ejib 

Hpe^Kfle, HeM nepeftTH Henocpe;];cTBeHHO k flHCKpeTH3aLi,HH, KpaTKO nanoM- 
HHM, onpe^ejieHHe HenpepbiBHoii Mo^ejiH. Hojie TeTpa^bi o6o3HaHaeTC5i KaK 
(Bce npocTpancTBeHHO - BpeMeHHbie HH^eKCbi o6o3HaHeHbi rpeHecKHMH 

6yKBaMH) H paCCMaTpHBaeTCH KaK TpaHCJIHIJ,H0HHa5I CBaSHOCTb. TeHsop Ph- 

Mana Bbipa>KaeTC5i Hepes TpaHCji5iii,H0HHyK) cbsishoctb cjie^yroinHM oSpasoM 

RabCD = 1AB[C,D] + lABFlF[CD] + lAFClFBD — lAFDlFBC, (8.2) 

rfle ^ABC = ^{Tabc + Tbca — Tcab)- KBaHTOBasi TeopHsi onpe^ejisieTCsi 4)yHK- 
ii,HOHajibHbiM HHTerpajiOM CTaTcyMMbi: 

Z = j DEexp{-S[E]) (8.3) 

Mepa HHTerpHpoBaHHH no E onpe;],eji5ieTca KaK Mepa no Tpancji5in,HonnoH Ka- 
jinGpoBonnoH rpynne. 

PaccMaTpnBaeiviasi Teopnsi nnBapnanraa OTnocnTejibno /],n4)4)eoMop4)H3MOB 
{Xfj_ — )• Xfj^; E^ — > ^r-E^). Iloj\CTaBji5i5i e/],Hnnn,y Oa^fleeBa - HonoBa mbi 4)hk- 
cnpyeM KajinGpoBKy b KOTopon l^"! = const. TaKHM o6pa30M 3aMopa>KHBaeTC5i 
o6m,nH nnBapnanTnbiH oSteivi. Hn>Ke mm npeneGperaeivi ero 4)jiyKTyan,HHMn. 
CooTBeTCTByK)ni,nH /],eTepMHnanT Oa^eeBa - Honona ne 3aBHCHT ot E. TaKHM 
o6pa30M, HMeeM 

Z = J DEexp{-S[E])6{\E\ - const), (8.4) 

KaK y>Ke 6bijio CKa3ano Bbime, nenpepbrnnasi nepcHH mo^cjih nepenopMH- 
pycMa H acHMnTOTHnecKH CBo6oflna npn cooTBeTCTByK)m,eM Bbi6ope KoncTanT 
CB5i3n §. JJ^jisi 3THX 3nanenHH KoncTanT cbh3h flencTBne orpannneno cnn3y (ecjin 
o6m,nH oG'heM yflep>KHBaeTC5i nocTOsinnniM). TaKnM o6pa30M, mbi na/],eeMC5i, hto 
pemeTonnaa Mop^ejih flOJi>Kna Gbitb xopomo onpe^ejiena. 

•^BbiGop Mepbi DE ne BjinaeT na stot peayjifaTaT. OflnaKO, fljia nojiyneHHa nepeHopMHpyeMoit TeopHH 
MOJKeT OKasaTbCH Heo6xo;i,HMbiM bkjiiohhtb b paccMOTpeHHe 4)jiyKTyan,HH o6mero oGteMa. TexHHnecKH sto 
He BbisbiBaeT HHKaKHx TpyflHOCTeit. OflnaKO, b naineM HSJioJKeHHH mbi SToro ne flejiaeM. 
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8.3.3 ^HCKpeTH3aii,HH TejienapajiJiejiHSMa 

PaccMaTpHBaeTCH jih6o cnMnjiHLi;HajibHa5i, jih6o rHnepKy6nMecKa5i pemeTKa. 
J^ajiee mm 6yj\eM roBopHTb KaK o CHMnjieKcax, Tax h o rHnepKy6ax KaK 06 
BjieMeHTax pemeTKH. HpocTpaHCTBO BnyTpn KajK^oro sjieMenTa pemeTKH npe/i;- 
nojiaraeTC5i hjiockhm. OopMa sjieMGHTOB pemeTKH 4)HKCHpyeTC5i BeKTopaMH e^, 
coeflHH5^K)L^HMH ii,eHTp sjieMCHTa c ii,eHTpaMH CTopoH ero rpaHHij,bi. Bbipa>KeHHe 
nepes opToroHajibHbiii 6a3HC o6iii,hh ^jih Bceii pemeTKH {A = 1,2,3,4) 

5IBJI5ieTC5I OCHOBHOH HepeMeHHOH Hameft KOHCTpyKD;HH. HMeeM 



He Bce BeKTopa HesaBHCHMbi. A HMeHHO, na rHnepKy6HHecK0H pemeTKe + 
= (// = ±4, ±3,±2, ±1), rfle h CBHSbmaiOT D;eHTp rHnepKy6a 
c npoTHBonojiojKHbiMH CTopoHaMH ero rpaHHD;bi. B cjiy^ae CHMnjiHD;HajibHOH 
pemeTKH HMeeM (// = 1,2,3,4,5) E^^e^ = 0, TaKJKe mm npeflnojiaraeM, hto 
Bce CTopoHM rpaHHD;bi sjieMeHTa ynopj^floneHbi. HesaBHCHMbie nepeMenHbie b 
060HX cjiyHa5ix o6o3HaHeHbi c fi = 1,2,3,4. 

TpaHCJi5iD,HOHHa5i KpHBHSHa (KpyHeHHe) jiOKajiHSOBana na ^ByMepHbix chm- 
HjieKcax CHMnjiHD;HajibHOH pemeTKH h njiaKeTax rHnepKy6HHecK0H pemeTKH, 
HasbiBaeMMx ^ajiee ^ByMepHbiMH sjieMenTaMH (bones). PaccMOTpHM saMKHy- 
TbiH nyTb, coeflHH5iiom;HH D;eHTpbi pemeTOHHbix sjieMeHTOB, coflep5Kam;He ji,a.H- 
HbiH flByMepHMH sjieMeHT. MacTb nyTH, coeflHH5TK)m,a5i D,eHTpbi x n y cocefl- 
HHX sjieMeHTOB pemeTKH coctoht h3 AByx BeKTopoB eM^y{x) h eMy^{y)j co- 

e/],HH5H0m,HX X H y C D,eHTpOM 06m,eH CTOpOHbl. LI,ejI0HHCJieHHa5I 4)yHKD,H5I Mxy 

onpeflejiena na napax Li;eHTpoB coceflHHx sjieMeHTOB pemeTKH. Mm o6o3Ha^HM 

exy = GM^yix) - GMyM ^ ^yx = ^MySv) " ^M^yi.^)- saMKHyToro nyTH 
X— >-y— )-2;—)-.. .—>•«;— BOKpyr flannoro flByMepnoro sjieMenTa pemeTOH- 
Hoe Kpy^enne paBno 



rfle s - njiom;aflb 4)Hrypbi, HMeiom;HH flannbiii nyTb CBoen rpanHn;eH. Ecjih pac- 
CTOimne MoyKji^ u;eHTpaMH coceflnnx sjieMenTOB paBno eflHHHn;e, Tor^a s = 1 b 



(8.5) 



A 




(8.6) 



rHnepKy6HHecK0M cjiynae, n s = O 



D+l 



c D = 4 B CHMnjiHu;HajibHOM cjiynae. 



D-l 
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Mbi TEKJKe o6o3HaHHM Txyz...w = ^M^j^iv^u; (^)^^' npe^nojiaraeTCfl cyMMnpo- 
BaHHG no A. 

Tenepb BbipasHM 6a3HCHbie BeKTopa f nepes e. 06o3HaHHM 

U = T.n{x)e,{x) (8.7) 



Sflecb cyMMa - no Bceivi BexTopaM e (a ne tojibko no neTbipeivi nesaBHcn- 
mmm). J\ji^ rnnepKySnnecKoro cjiynasi o6o3nannM E MaTpnn^bi 4x4, cocto- 
5ini,ne ns c nojio>KnTejibnbiM /i. Tor^a F mojkgt 6biTb Bbi6pano b Bn/],e 
= sign(/x) (^~i^\iA ^ g cnMnjinn,najibnoM cjiynae CHTyan,n5i cjio>Knee. J\ji^ to- 
ro, nTo6bi nojiynnTb cmviMeTpn^noe Bbipa>Kenne o6o3nannM = [E^^...E^}^^ 
and = [Ei...E^^iE^j^i...E^. Tor^a F mo>kho BbiGpaTb b F^ = 

IJ2i^j^h{'Ei^^Y}'^'^\ r^e pii^^fi) = fi ecjin z/ > /i n p{iy,ii) = fi — 1 ecjin u < ji . 
Tenepb Texpa^nbie KOMnonenTbi Kpynenna jierKO BbinncjiHiOTCH 

TABc{x) = Y.KFcKix) m 

Mbi TaK>Ke onpe^ejiaeM TeTpa^nbie KOMnonenTbi pemeTonnon npon3Bo;],noH 
OT T: Tabc,d{x) = E^iFj^TABcA^)^ ^^e TABC,fi{x) = TABciv) - Tabc{x) ajiji 

OopMajibno npHMenHH Bbipa>Kenne (18.21) k onpeflejiennbiM Bbime pemeTon- 



nbiM nepeMennbiM mm nojiynaeivi onpe^ejienne pemeTonnoro Tensopa Pniviana. 
Torp^a Tensop Pnnnn n CKaji5ipna5i KpnBHsna onpe^ejienbi KaK o6binno. Peme- 
Tonnoe ^encTBne Tor^a CTpoHTC5i cjiepjmuxnM o6pa30M: 



S = Y.{o^{Rab[x)Rab{x) - \R{xf) + PR{xf - -fmlR} (8.9) 

X o 



Mbi onycTHjiH s^ecb (JjaKTop l^"! n njien, nponopu,HOHajibHbiH A nocKOJibKy 
najiojKen pemeTonnbin anajior ycjiOBnsi l^"! = const. Mivienno b 3toh KajinSpoB- 
Ke cjie^yeT pacciviaTpnBaTb MO^ejib ecjin mm xothm yflep>KnBaTb nocT05innbiM 
o6m,HH oSiiCM CHCTeMM. PemeTonnbiH anajior nenpepbmnoro KajinSpoBonnoro 
ycjiOBna l^"! = const - 3to ycjiOBne nocT05incTBa nnnapnanTnoro oGtCMa Ka>K- 
floro sjieMenTa pemeTKn. Ecjih mm oSosnannM E = E5 p^jiii CHMnjiHn,najibnoro 
cjiynasi, cooTBCTCTByiomee ycjionne mojkct 6biTb Bbi6pano b BH/],e det E — -u = 
(flji5i o6enx pemcTOK), rj\e v - 3to KoncTanTa, nponopn,nonajibna5i o6ni,eMy 0615- 
CMy pemcTKn. 

156 



Tor^a E - sto flHHaMHHecKasi nepeMeHHasi, Bce Ej^ Bbipa>KeHbi nepes nee, h 
CTaTcyMMa Mop^jin HMeeT bh/i, 



8.3.4 rjio6ajibHbie CBOHCTBa MHoroo6pa3HH 

JJ^ji5i Toro, HTo6bi saKOHHHTb KOHCTpyKD,HK), cjieflyeT sa^aTb rjio6ajibHbie cboh- 
CTBa MHoroo6pa3HJ5 A4. IlpeyKp^e Bcero, cjie^yeT OTMeraTb, hto paccMaTpHBaTb 
OTKpbiToe npocTpancTBeHHO - BpeMeHHoe MHorooGpasne HeB03M0>KH0 nocKOJib- 
Ky Mbi He onpeflejiHjiH rpaHHHHbie Hjienbi b fleiiCTBHH. BMecTO Toro, HTo6bi 
CTpoHTb 3TH HjieHbi, Mbi orpaHHHHBaeM ceGa cjiy^aeM saiviKHyTbix MHorooGpa- 
3HH. EcTecTBGHHoe orpaHHHeHHe Ha TonojiorHio - sto to, hto MHorooGpasHH 
flOJi>KHbi 6biTb napajiJiejiHsyeMbiMH. Hnane naniH nepeivieHHbie He onHCbmaiOT 
reoMeTpHK) BeHi],eH6oKa. 

rHnepKy6HHecKa5i pemeTKa yfloGna paccM0TpeHH5i cjiy^a^^ HeTbipexMep- 
Horo Topa T^, cooTBeTCTByiomero o6biHHbiM nepHO/],HHecKHM rpaHHHHbiM ycjio- 

BH5IM. 

EcjiH Mbi xoTHM paccMaTpHBaTb cjiyHaii 6ojiee cjio>khoh TonojiorHH, Heo6- 
xoflHMO HcnojibsoBaTb CHMnjiHi],HajibHyK) flHCKpeTH3ai],HK). ripH 3T0M HenpneM- 
jieMO Tpe6oBaHHe napajiJiejiHsyeMOCTH. HosTOMy b stom cjiy^ae mbi flOJi>KHbi 
flonojiHHTb yKasaHHyio Bbime KOHCTpyKLi,HK) paccMOTpeHHeivi 5*0(4) cb5I3hocth 

C HyjieBOH KpHBHSHOH. 9Ta CBJ53HOCTb JIOKajIHSOBaHa Ha 3-MepHbIX CHMHJieKCaX 

H H03BOJi5ieT coe/],HH5iTb pa3Hbie HacTH CHMHjiHH,HajibHoro MHoroo6pa3H5i (Ka>K- 

fla5I H3 naCTGH HMeeT 4)HKCHpOBaHHbIH 6a3Hc). CoOTBeTCTBeHHO, HpOH3BO/],Hbie 

H Hx flHCKpeTHbie anajiorH cjie^yeT 3aMeHHTb KOBapnaHTHbiMH c ^aHHOH 5*0(4) 

CB5I3HOCTbK). 

CjieflyeT OTMeTHTb, hto b o6m,eM cjiynae TOHOJiornH 4 - Mepnbix MHoroo6pa- 

3HH HeB03M0JKH0 KJiaCCH4)HH,HpOBaTb. /^JIH TOrO HT06bI HMeTb flfiJlO C TOHOJIO- 

rneft, HOfl/],aiom,eHC5i KjiaccH4)HKaH,HH, cjie^yeT Hajio>KHTb CHjibHoe orpanHHeHne 
na Ai. 06biHH0 npe^nojiaraiOT cymecTBOBaHHe cnHHopHoii CTpyKTypbi p^. B 
3T0M cjiy^ae CHrnaTypa r h SHjiepoBa xapaKTepncTHKa x xapaKTepH3yK)T mho- 





rfle 
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roo6pa3He c tohhoctbio flo roMOTonHH (ecjiH |r| 7^ x ~ 2). MtoSbi HCCjieflOBaTb 
npoLi,eccbi c HSMeHeHHeivi TonojiorHH CHMnjiHi],HajibHoe MHoroo6pa3He ^oji^kho 
6biTb flHHaMHHecKHM (noflo6HO M0fleji5iM flT). B flonojiHeHHe k coxpansiioniHM 
TonojiorHK) H3MeHeHH5iM TpHaHryji5iii,HH cjie^yeT onpe/],ejiHTb HSMensiiomHe to- 
nojiorHK) (cm., nanpHMep, [26]). AjibTepnaTHEHbiM cnoco6oM HCCJieflOBaTb /],HHa- 
MHHecKyio TonojiorHK) Morjio 6bi TaK>Ke nocjiy>KHTb HCCjieflOBaHHe MaTpHHHoii 

MO^ejIH, SKBHEajieHTHOii CHMnjIHI],HajIbHOH TeopHH |27j . 

8.4 HyaHKape - rpaBHTaii,Ha 

8.4.1 Eii],e pas o npo6jieMax c Mepoit HHTerpHpoBaHHH b Peflxce rpa- 

BHTai],HH 

KaK y>Ke roBopHjiocb b rjiaBe 7, flji5i Toro, htoGbi onpe^ejiHTb Mepy HHTerpHpo- 

BaHH5I Ha MHOJKeCTBG BCeX PHMaHOBblX reOMeTpHH, nOJIbSyiOTCH HHBapHaHTHOii 
MeTpHKOH, Sa^aHHOH Ha 3T0M MHO>KeCTBe: 

\\Sgf = \j d'^xSlig'^g'' + g'^g"' + Cg'^Pg''^)Sg,,6g,r, (8.12) 

r^e C - KOHCTaHTa, Taxasi, hto C 7^ —2/D. Mo>kho HOCTyjinpoBaTb, hto npa- 
BHjibHasi Mepa na npocTpancTBe PHManoBbix reoMeTpHft cooTBeTCTByeT stoh 
MeTpHKe B TOM >Ke CMbicjie, B KaKOM Mepa dx na cooTBeTCTByeT MexpHKe 
1 1 (5 a: IP = ((5x)^. K co>KajieHHK), nepexo/i, k 6ecK0HeHH0MepH0My cjiyHaio npe/i,- 
CTaBji5ieTC5i HeTpHBHajibHbiM. B rjiabe 7 mbi o6cy>K/],ajiH Mepy JlyH^a - Pe/],>Ke b 
HCHHCJieHHH Pefl>Ke, ocHOBaHHyK) Ha ecTecTBeHHOM CHOco6e nepexofla ot kohth- 
HyyMa PHManoBbix reoMeTpHii k KoneHHOMepHOMy cjiynaio Pe^^Ke flHCKpeTHsa- 
n,HH. B /],ByMepHOM cjiynae yp^&eTCii c^ejiaTb Mepy Jlyn^a - Pefl>Ke jiOKajibHoii 
H TeM caMbiM noflxoflHineft p^jiii npHMeneHHH HHCJiennbix MeTO/],OB. B HeTbipex- 
MepHOM cjiy^ae SToro c/],ejiaTb He y/],ajiocb. 

B piiflfi pa6oT, HCHOJib3yioni,Hx HHCJiennbie CHMyjiHij,HH Pefl>Ke rpaBHTaij,HH 
HcnojibsoBajiacb SBpncTHHecKH Bbi6paHHa5i Mepa HHTerpHpoBanHsi no fljinnaM 
jiHHKOB. Xofl paccy>KfleHHH, npHBOfliimnx k stoh Mepe cjieflyiomHH (cm., nanpn- 
Mep, [IS])- BecKOHCHHOMepHoe o6o6ineHHe KOHCHHOMepHoro Bbipa>KeHHa p^ji^i 
Mepbi Bbi6HpaeTC5i b Bnp^e 

Dg = Il,{^\g{x)\rU^>.dg^,{x) (8.13) 
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Sflecb Bbi6op a = — 4)(D + l)/4 cooTseTCTByeT cynepivieTpHHecKOMy Tenso- 
py B 4)opMe npe/],jio>KeHHOH b [221 E2], a Bbi6op a = —{0 + 1) pacciviaTpHBajicsi 
B [SDj. OHeBHflHO, 3Ta HeoflHOSHaHHOCTb CB5i3aHa c TeM, HTO npoHSBefleHHe no 
TOHKaM n^; Heonpe^ejieHO, ecjiH x npHHafljie>KHT R^. Ha caivioM ^ejie KOHKpeT- 
Hoe Bbipa>KeHHe MOJKeT 6biTb npHflano (18.131) TOJibKO Kor/],a BbiGpana K&Kasi - 
TO flHCKpeTH3ai],H5i H x He flOJi>KeH npo6eraTb KOHTHHyyM SHaneHHii. 
B npaKTHHecKHx BbiHHCJieHH5ix HcnojibsoBajiacb Mepa [H]: 

D/ = [n.K1[n.,4]efe), (s.m) 

rp^e npoHSBe^eHHe n^; - no CHMnjieKcaM, a nponsBe^enne Uij - no BepmnnaM 
CHMnjiHn,Hajibnoro MnorooGpasnsi. - 4)yHKn,H5i, oGecnennbaiom^aH nepa- 

BencTBa TpeyrojibnnKa. - oSteivi cnivinjieKca x, a lij - fljinna jinnxa, coeflnnaio- 
ni,ero Bepmnnbi i uj. OnpaBflbmaeTCsi Bbi6op Mepbi ( 18. 141 ) cjieflyK)ni,nM o6pa30M. 
Ha Ka>KflOM cnMnjieKce V^Ilijdl'^j{x) - sto nenocpeflCTBenna5i flHCKpeTH3an,H5i 
Bbipa>KeHHH {^J\g{x)\yiln>udgj_ii,{x) {rj\e i vl j - Bepmnnbi cnivrajieKca, a nocTO- 
HHHbiH 4)aKTop onyni,en). B cncTeivie cnivinjieKCOB, CKjieennbix flpyr c flpyroM 
fljiHHbi jiHHKOB ne nesaBncnMbi. Cjie^yeT najio>KnTb cooTBeTCTByK)m,ee orpann- 
nenne. B [IS] ono Bbi6pano b Bn^e: lixy^ij^illjix) — lfj{y)), rj\e nponsBe^enne 
Uxy - no napaM coce^nnx cnivinjieKCOB b to BpeM5i, KaK nponsBe^enne Uij - no 
napaM Bepmnn CTopon, o6m,nx ^jih x r y. Tor/],a n nojiynaeTC5i pemeTonnaa 
Mepa B 4)opMe (18.141 ). 

C namen Tonxn spenna BbiBOfl nenpepbiBnoii cJ^opMyjibi (18.131 ). a TeM 6o- 
jiee - ee /^ncKpeTHSOBannon Bepcnn ne 5iBji5ieTC5i MaTeMaTHnecKH CTpornM. Ha 
3T0 yxasbiBaeT n najinnne neo^nosnannocTn b Bbi6ope nocTOsinnon a. HpncyT- 
CTByeT TaK>Ke neo^nosnannocTb b Bbi6ope orpannnennsi, naKjia/],biBaeMoro na 
/],jinnbi jinnKOB coce^nnx cnMnjieKCOB. A nMenno, TaKoe orpannnenne MO>Kno 
Bbi6paTb n B Bn/],e Q[lij]llj;yllij6{lij{x) — lfj{y)), r^e ^[hj] saBncnT ot fljinn 
JIHHKOB. Anpnopn ne5icno, KaK BbiGpaTb stot 4)yHKH;H0Haji. 

Bo3MO>KHbiM pemenneM yKasannoH npo6jieMbi 6bijio 6bi najinnne CHMMeT- 
pnn nenpepbiBnoH Teopnn, KOTopaa 6y/i,ynn nepenecena na pemeTKy, 3a4)nK- 
cnpoBajia 6bi 4)opMy pemeTonnon Mepbi. K co>Kajiennio, TaKon cnMMeTpnn mm 
ne naxoflHM b Pe/i,>Ke rpaBnTan,nn. B to >Ke BpeM5i, b TejienapajiJiejibnoM npe/i,- 
CTaBjiennn rpaBnTan,nn, paccMOTpennoM Bbime TaKasi cnMMeTpnsi ecTb - sto 
KajinGpoBOHHaii CHMMeTpna rpynnbi TpaHCJi5in,nH. Ona o^nosnanno 4)nKcnpyeT 
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Mepy HHTerpHpoBaHHH no TpaHCJi5in,H0HH0H cbhshocth. OflnaKO, b stoh ^hc- 

KpeTH3aiI,HH Tep5ieTC5I 3HaHHTejIbHa5I naCTb CHMMeTpHH /],eHCTBH5I, CBHSaHHaSI c 

npeo6pa30BaHHJ5MH JlopeHii,a bo BHyTpeHHeivi npocTpancTBe. HH>Ke naiviH 6yfleT 
paccMaTpHBaTbC5i cjiynaH /],HCKpeTH3aii,HH npocTpancTBa PniviaHa - KapTana, 
r^e KajiH6poBOHHa5i CHMMeTpHH rpynnbi HyaHKape TaK>Ke 4)HKCHpyeT Mepy hh- 
TerpHpoBaHHH. B to >Ke BpeM5i, rpynna JlopeHii,a 0CTaeTC5i rpynnofi CHMMeTpHH 

flHCKpeTHSOBaHHOH MOfl^Q JIR. 

8.4.2 ^HCKpeTH3ai],HH npocTpaHCTBa PHMana - KapTana 

HanoMHHM, HTO npocTpancTBO PHMana - KapTana - sto o6o6m,enne PnManoBa 
npocTpancTBa na cjiynan nenyjieBoro Kpynenn^^. CB5i3nocTb coctoht n3 pfiyx 
HacTeii - TpancjiHn,nonnoH CBH3nocTn n CBH3nocTn rpynnbi Jlopenn,a. B cjiynae, 
ecjin Tpancji5in,nonna5i KpnBn3na (Kpynenne) 3anyji5ieTC5i, mbi npnxo^nM k Pn- 
ManoBy npocTpancTBy. B cjiynae, ecjin 3anyji5ieTC5i KpnBn3na rpynnbi Jlopenn,a, 
Mbi nojiynaeM npocTpancTBO BeHn,en6oKa. 

CjieflyeT otmcthtb, hto flncKpeTn3an,n5i HyanKape rpaBHTan,HH paccMaTpn- 
Bajiacb B p5i/i,e pa6oT. Tax, b [331 El] ne3aBncnMa5i 5*0(4) CB5i3nocTb 6bijia bbg- 
flena b ncHHCJienne Pefl>Ke. CB5i3nocTb cnnryjisipna n jiOKajin30Bana na CTopo- 
nax cnMnjieKCOB. B npHnn;Hne, STa KoncTpyKn,n5i cxo>Ka c npe^jiaraeMon nn>Ke. 
OflnaKO, Mbi ncnojib3yeM rnnepKy6nnecKyio pemeTKy, KOTopasi ropa3/i,o Gojiee 
yflo6na flji5i npaKTnnecKnx Bbinncjiennn. KpoMe Toro, naMn paccMaTpnBaeTC5i 
nnBapnanTnasi Mepa no flnnaMMHecKHM nepeMennbiM, nero ne 6bijio c^ejiano b 
[331 IS] - Otmcthm TaK>Ke, hto b [33], [31] ne paccMaTpnBajincb njienbi b ^encTBnn, 
KBaflpaTnnnbie no KpnBn3ne. 

HyanKape rpaBnTan,n5i na rnnepKy6nnecK0H pemeTKe paccMaTpnBajiacb, 
CKa>KeM, B [131 [33], [33, [30, [37] [IB]. B STnx pa6oTax pemeTonnasi ^ncKpeTn- 



3an,n5i paccMaTpnBajiacb nocpe^CTBOM naiiBnoii /i,ncKpeTn3an,nn mcto^om ko- 
neHHbix pa3nocTeH. HosTOMy cooTBeTCTByioni,ne KOHCTpyKn,HH TepaiOT chmmct- 
pnio nenpepbiBnoH Teopnn. B 3Tnx pa6oTax neKOTopbie n3 paccMaTpnBaeMbix 
MOflejien nnBapnanTHbi OTnocHTejibno pemeTonnbix Kajin6poBOHHbix npeo6pa- 
soBannii, npnnafljie>Kani,nx rpynne HyanKape. OflnaKO, cyni,ecTBOBanne stoh 
cnMMCTpnn ne 03nanaeT, hto Teopnsi nnBapnanTna OTnocnTejibno o6ni,eKOopfln- 
naTnbix npeo6pa30BannH. Bojiee noflpo6no mbi onncbmaeM KoncTpyKn,nn pa6oT 
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[H [331 ESI ESI EZl [IS] HH>Ke b n. 8.4.5. 

Mbi o6o6maeM KOHCTpyKi],HK) Pe/],>Ke na npocTpancTBO PHMana - KapTana. B 
HameM noflxo^e mbi annpoKCHMHpyeM jiio6oe sa^aHHoe MHoroo6pa3He KycoHHO - 
jiHHGHHBiM MHoroo6pa3HeM PHMaHa - KapTana (c rnnepKyGHHecKHMH sjieMCHTa- 
mh) . KjiiOHeBoe OTjiHHHe Hamen KOHCTpyKii,HH ot no^xofla [131 [331 ESI [Ml [371 tlB] 
3aKjiiOHaeTC5i b tom, hto mbi HcnojiBsyeM reoMeTpHHecKyio KOHCTpyKi],HK). To 

eCTB MBI /],HCKpeTH3yeM HCXOflHOe MH0r006pa3He HHBapHanTHBIMH oS^BeKTaMH 

(no OTHomeHHK) k rpynne o6ineKOopflHHaTHBix npeo6pa30BaHHH). B pe3yjiBTaTe 
Kama pemeTOHHasi MO/i,ejiB KajiH6poBOHHO HKBapnaHTHa no nocTpoeHHio. 

HxaK, MBI paccMaTpHBaeM npocTpancTBO PHMana - KapTana, b KOTopoM 

SO (4) CB5I3HOCTB H HOJie TGTpa^BI (TpaHCJI5m,HOHHa5I CB5I3HOCTb) 5IBJI5IIOTC5I 
flHHaMHHeCKHMH nepeMeHHBIMH. ^HCKpeTH30BaHH0e npOCTpaHCTBO CaMO 5IBJI5I- 

eTC5i npocTpancTBOM PHMana - KapTana. Oho coctoht h3 hjiockhx PHHepKyGn- 
necKHx o6T.eKTOB, CKjieennBix Apyr c flpyroM. Hh^kg mbi Ha3BiBaeM rnnepKySBi 
sjieMeHTaMH pemeTKii. B npHHLi,Hne mbi MO>KeM CTpoHTB TaKHM o6pa30M npn- 
6jiH>KeHHe K npocTpancTBaM pa3jiHHH0H Tonojiornn. 0/i,HaKO, npocTOTBi b 
flajiBHeiinieM mbi orpaHHHHBaeMCsi TonojiorneH HeTBipexMepnoro Topa, hto co- 

OTBeTCTByeT nepHO/^H^eCKHM rpaHHHHBIM yCJIOBHHM. 

OopMa sjieMeHTa pemeTKH (|)HKCHpyeTC5i mho^kgctbom BeKTopoB e^, coej\R- 
H5II0IHHX Li,eHTp THnepKySa c ero BepniHHaMH. SaMeTHM, hto 3/i,ecB HcnojiB3yeTC5i 
onpe^ejieHHe BeKTopoB HHoe, hgm BBime, Kor^a mbi paccMaTpHBajiH /i,HCKpe- 
TH3aii,Hio TejienapajiJiejiH3Ma (TaM o6o3HaHeHHBie Tax BCKTopa coe/i,HH5ijiH ij,eH- 
TpBi sjieMeHTOB pemeTKH c ii,eHTpaMH CTopoH Hx rpaHHD,). BBipa>KeHHe Hepe3 
sjieMeHTBi opTOHopMHpoBaHHoro 6a3Hca (^4 = 1,2,3,4) (o6mero Bcex 
pemeTOHHBix sjieMeHTOB) - sto o^na h3 ochobhbix 6a30BBix nepeMeHHBix Hameii 

KOHCTpyKD;HH. HMeeM 

^, = J:E^U (8.15) 

A 

(Be3fle npocTpancTBeHHO - BpeMeHHBie HH^eKCBi o6o3HaHeHBi rpe^ecKHMH 6yK- 
BaMH, a TeTpa^HBie - jiaTHHCKHMH.) B o6iii,eM cjiy^ae Bce BeKTopa e^(/i = 
0, 1, 2, 15) npe/i,nojiaraiOTC5i He3aBHCHMBiMH. 9to 03HaHaeT, hto npoTiiBO- 
nojio>KHBie CTopoHBi riinepKySoB b o6meM cjiy^ae HenapajijiejiBHBi. O^HaKO, 
ycjiOBHe napajijiejiBHOCTH MO>KeT 6bitb Hajio>KeHO, h sto cymecTBeHHO ynpo- 



"'lIpeflnojiaraeTCH, hto BbinojiHen noBopoT BiiKa k Ebkjih;i,oboh CHrnaType npocTpancTBa - BpeMCHH. 
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maeT pemeTOMHbie BbipajKenHii (cm. o6cy5K;];eHHe b n. 8.4.4.). HojiojKeHHe na- 
HajibHOH BepniHHbi Ka>K;];oro rHnepKy6a onpefleji5ieTC5i BeKTopoM eg. BeKTopa 
e^(/i = 1, 2, 3, 4) yKasbiBaiOT na ee cocej\eR. Mbi BbiGnpaeM naHajibHyio BepniH- 
Hy B Ka>KflOM rHnepKy6e Tax, hto ccjih 6bi npocTpancTBO 6bijio njiocKHM, Bce 
BeKTopa — eo(// = 1,2,3,4) 6bijiH HanpaBjienbi b nojio^KHTejibHOM nanpaB- 

JieHHH. 

IlepeMeHHbie npeflCTaBjiHiOT TpaHCJi5iLi;Hn h3 Li;eHTpoB pemeTO^Hbix 9Jie- 
MeHTOB K BepniHHaM. MeTpHKa (hjih nojie TeTpa^bi) npeflnojiaraeTCsi nocTO- 
BHyTpH Ka>Kfloro peniGTOHHoro sjieMGHTa. CiviemeHHe ii,eHTpa pemeTOH- 
Horo sjieivieHTa na BexTop BbisbmaeT TpaHc4)opMai],HK) nepeMeHHOii 
E^ + v^, KOTopoe MOiKeT paccMaTpHBaTbCH Kax KajiH6poBOHHoe npeo6pa30Ba- 
HHe no OTHomeHHK) k TpaHCJi5iD;HOHHoii KajiH6poBOHHOH rpynne. Oho cootbct- 
CTByeT TpaHCJi5iD;HH pemeTOHHoro sjieMenTa BHyxpH cooTBeTCTByiomeft KapTbi. 

B ;];onojiHeHHe k TpaHCJi5iLi;HOHHoii cbhshocth, onpeflejieHHoft KaK mhojkgctbo 
nepeMeHHbix E"^, Ka>Kfloe civieineHHe ot o^Horo pemeTOHHoro sjieMGHTa k ^pyro- 
My conpoBO>KflaeTC5i noBopoTOM HeTbipexMepnoro KacaTejibHoro npocTpancTBa. 
^pyrHMH cjiOBaMH, ecTb 5*0(4) cbhshoctb, KOTopaa CHHryjiirpna h jiOKajiHSOBa- 
na na CToponax rHnepKy6oB. Mbi o6o3HaMHM nocpe^CTBOM Ujj 5*0(4) MaTpHD;y, 
KOTopaii npHKpenjiena k CTopone, o6iii;eH rHnepKy6oB I n J. 

JXsmnoe npocTpancTBO PHMana - KapTana HMeeT CHHryji5ipHyio CB5i3HOCTb. B 
3T0M cjiynae onpe/],ejieHHe kphbhshbi h KpyneHUH CTaHOBHTca ^BycMbicjieHKbiM. 

n03T0My Mbi flOJI>KHbI BblGpaTb OflHO H3 B03M0>KHbIX Onpe^ejieHHH. HH>Ke 3T0T 

Bonpoc 6yfleT ocBemeH no/],po6HO. Cjiej\yeT OTMexnTb, ^to b cjiynae nenyjieBoro 
Kpy^eHHii fljiHHa OflHoro h Toro me jiHHKa, Ha6jiiOflaeMa5i h3 pa3JiHHHbix ra- 
nepKy6oB, OKasbmaeTCH pa3JiH^Hoii. Hjih, hto to 5Ke, flBa jiHHKa pa3H0H fljiHHbi 
OKa3biBaiOTC5i na 6ecK0HeHH0 MajiOM paccTOHHHH flpyr ot ^pyra. 9Ta CHTyaLi;H5i 
cooTBeTCTByeT HajiHHHK) ;];HCJiOKaii;HH pemeTKH h cnei];H4)HMHa fljiH nenyjieBoro 
KpyHGHHH. TpeGoBaHHe Toro, htoGbi KpyHenne 3aHyji5ijiocb, npHBO^HT k OTcyT- 

CTBHIO flHCJIOKaU,HH. 

KajiH6poBOHHbie npeo6pa30BaHH5i no OTnomennio k nojinon rpynne HyanKa- 
pe npe;];cTaBji5ieTC5i Tpancji5iu;H5iMH n 5*0(4) Bpan^ennaMH, KOTopbie npnBOfliiT 
K cjieflyionj;HM npeo6pa30BaHH5iM 6a30Bbix nepeMennbix: 

+ (8-16) 
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r/\e O e 5*0(4), a v npeflCTaBjiaeT TpaHCJi5iij,HH. 



8.4.3 KpHBH3Ha H KpyHGHHe KycoHHO - jiHHeiiHoro npocTpaHCTBa 
PHMana - Kapiana 

5*0(4) CB5i3HOCTb CHHryjiHpHa H jiOKajiHSOBana na TpexMepnbix Ky6ax, 5ibji5i- 
KDinHxca CTopoHaMH rHnepKy6oB. KpHBHsna CKOHi],eHTpHpoBaHa na njiaKeTax. 
Cjieflyiomee HHTerpajibHoe ypaBHeHHe BbiGnpaeTca b Ka^ecTBe onpe/],ejieHH5i 

5*0(4) KpHBHSHbl. 

2 /^^^ n{z, y)R,,iy)n+{z, y)dy^' A dy"" = Pexp( u.dx^') 
-[Pexp( £^^a;^dx^)]+ , |S| ^ (8.17) 

3/],ecb ijj^ - 3T0 5*0(4) cbsishoctb §. E - Majiasi noBepxHOCTb, nepeceKaio- 
masi flaHHbiH njiaKeT (b HeTbipexMepHH ohh nepeceKaiOTC5i b oflHoft tohkg), |S| 
ee njiomaflb. dTi - rpaHHii,a E. Ee opHeHTaij,HH cooTBeTCTByeT opHeHTai],HH E. 
fl{z,y) = Pexp{jy LOfj^dx^) - onepaTop napajiJiejibHoro nepenoca B^ojib nyra, 
coeflHH5iK)inero (|)HKCHpoBaHHyio TOHKy Ha dT, c tohkoh y. Mbi BbiSnpaeM stot 
nyTb TaKHM o6pa30M, hto oh o6opaHHBaeTC5i BOKpyr /],aHHoro HjiaKexa b tom 
>Ke HanpaBjienHH, hto h dT, h HMeeT MHHHMajibHyio fljiHHy. HnTerpaji b npaBoii 
CTopoHe yKasaHHoro Bbime Bbipa>KeHH5i - no nyTH c^E, KOTopbiH HaHHHaeTC5i h 

3aKaHHHBaeTC5I b tohkg z. 

CjieflyeT OTMeTHTb, hto flanHoe onpe/],ejieHHe ne npoTHBopenHT o6inenpHH5i- 
TOMy B cjiynae rjia^KOH cb5I3hocth. 

3a4)HKCHpyeM pemeTOHHbm rnnepKyS. BnyTpH Hero KpHBHsna paBna 



- vy 2P), 



E l^^e,,padxPAdx^6^''\y-x)'-^'^'^-' K^^^-iJ.^JlB 

b^bones 



(8.18) 

Sflecb cyMMa - no njiaKexaivi (bones), npnnafljie>Kam,HM ^annoiviy rnnepKySy. 
HnTerpaji - no noBepxnocTn njiaxeTOB. IIponsBeflenne IliUjj^^_^ - b^ojib saMKny- 
Toro nyTH BOKpyr /],aHHoro HjiaxeTa 6, stot nyTb coctoht ns jinnKOB, coeflnnaio- 
u],Hx n,enTpbi rnnepKy6oB. IIpeflnojiaraeTCsi, hto stot nyTb nannnaeTC5i BnyTpn 
flannoro rnnepKyGa n nivieeT MnnnMajibnyio pemeTonnyio fljinny 



^?7/j = Pexp(J' u!fj_dx^), rfle HHTerpaji no nyin MHHHMajibHOH fljiHHbi, coeflHHsiomeM ii,eHTpi>i rnnepKyGoB 
/ H J. 
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BbiHHCJiHM KpyHGHHe, CKOHD,eHTpHpoBaHHoe Ha TpexMepHbix CTopoHax peme- 

fj.1 



TOHHbix rnnepKyGoB. Hojie KpyneHHH onpe/],ejiHeTC5i HHTerpajibHbiM ypae 



HGHHeM 

l^^^ni{z,y)T^Mdy'Ady'^ = j^^^j,{z,y)h^^{y)dy^ (8.19) 

Sflecb h^{x) - nojie TeTpa^bi, Bbipa>KeHHoe Hepes nepeMennbie BHyTpn Ka>K- 
floro rHnepKy6a ecjiH sa^ana neKasi ee napaMeTpH3aii,H5i. 

3to ypaBHeHHe y/],OBjieTBop5ieTC5i cjieflyiomHM Bbipa>KeHHeM (cnpaBefljiHBbiM 
BHyTpH rnnepKySa I): 

T^AV) = ir ^}!}^:}^j^}^dx^ A dx^ A dx^6^'\y - x) 

Jx£s JJl 

\A, 



Besides 



- 1^ hlM^±Pldx^ A dxP A (ix"(5(4) (y - x)] (8.20) 

Sflecb nepBbiH HHTerpaji b cyMMe - no ^aHHOH CTopone s, Ha6jiK)flaeM0H h3 
coceflHero pemeTOHHoro rnnepKyGa (cTopona s - o6ina5i p^ji^i I h J^). (Mbi 
npe^nojiaraeM, hto b ( l8.20l ) ^aHHbiH rnnepKyS h Bce ero cocep^n HMeiOT o6myio 
napaMeTpH3aLi,HK). ) 

Onpe/],ejiHM BHyTpn Ka>K/],oro rnnepKySa cjie^yiomHe nepeMeHHbie: = 
— Eq,ii = 1,2,3,4. 3th nepeMennbie MoryT paccMaTpHBaTbC5i KaK nojie 
Texpaflbi BHyTpH saflanHoro rnnepKySa. TaK>Ke o6o3HaHHM Sj^ sjieivieHTbi o6- 
paTHOH MaTpHH,bi S^^. B TeTpa;],Hbix KOMHOHeHTax HMeeM: 



>A f..\_cl^cv V- f . j^Pa J^aje(4)/., A^^^'^hh+i \B 

Jj J 



R^FB{y) = ^c^F E [e,,padxPAdx-5^'\y 



bGbones 



1.21] 



KpyHGHHe Bbipa>KaeTC5i KaK 

T^p(y) = J2 I dx^ AdxP Adx''6^^\y-x) 

^ • seasides 

([t^IJ^]s^j^[^£i^]Tp(7 — ^^p^i^]Tpcr) (8.22) 

Sflecb BbiHHCJiHeTCH BHyTpn saflaHHoro pemeTOHHoro rHnepKy6a I b to Bpe- 
M5I, KaK Sjs^ - BbiHHCJi5ieTC5i BHyTpH ero coce^a J®. 



8.4.4 ^eiicTBHe 

Mbi paccMaTpHBaeM cjiepjmuxee /^eiicTBHe: 
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S = {a{RABRAB- i:R^) + I3R^ -imlR + \m%}\S\(fx 

^bm\ I TicTicl^ld'^x, (8.23) 

r^e l^"! = det^"^, - nojie TeTpa^bi, TeTpa^Hbie KOMnoneHTbi Tensopa Phhhh 
o6o3HaHeHbi Rab^ Q. R - CKajiiipnasi KpHBHsna. KoHCTaHTbi cb5I3h Q!,/3,7 h A - 
GespasMepHbie, b to BpeM5i, KaK rup - pasMepHbiii napaivieTp. 

EcjiH noTpe6oBaTb, HTo6bi Kpy^eHHe sanyjij^jiocb, ycjiOBHe T^(j = 6yfleT 
osHaHaTb, HTO fljiHHa Ka>Kfloro jiHHKa, BbiHHCJieHnaH b jiioGom hs rnnepKyGoB, 

K KOTOpOMy OH 0TH0CHTC5I, OflHa H Ta >Ke. 3t0 03HaHaeT OTCyTCTBHe flHCJIOKa- 
L1,HH. EcjIH npH 3T0M n0Tpe60BaTb, HT06bI npOTHBOnOJIO>KHbie CTOpOHbl Ka>Kfloro 

rHnepKy6a 6bijiH napajiJiejibHbi flpyr flpyry, to mo>kho sacj^HKcnpoBaTb fljiHHbi 
Bcex jiHHKOB pemeTKH paBHbiMH Apyr Apyry. HpH stom eflHHCTBeHHbiMH ^HHa- 
MHHecKHMH nepeMeHHbiMH 0Ka>KyTC5i yrjibi ueyKpy jiHHKaMH Ka>K/],oro rnnepKy- 
6a. ripH npH6jiH>KeHHH k nenpepbiBHOMy npe^ejiy, Kor^a fljinna jihhkob CTpe- 

MHTC5I K HyjIK), TaKOe KyCOHHO JIHHeiiHOe npOCTpaHCTBO 5IBJI5ieTCH npH6jIH>KeHH- 

eM K PHManoBy npocTpancTBy, hto CTanoBHTCH OHeBHflHbiM, ecjiH paccMOTpeTb 
PHMaHOBy reoMeTpHK) b KajiH6poBKe, b KOTopoft ga = 1 (cyMMHpoBaHHe no i 
He npe/],nojiaraeTC5i). To, hto Taxasi KajiH6poBKa mojkgt 6biTb sacj^HKcnpoBa- 
Ha npH eBKjiHflOBOH CHrnaType npocTpancTBa - BpeMeHH oneBH^HO, nocKOJibKy 
OHa osHanaeT najiKHHe 4 - x ycjiOBHii b Ka>KflOH TOHKe npn 4 - x HeiiSBecTHbix 
4)yHKi],H5ix x^{x)^ onncbmaioinHx penapaMeTpH3aii,HK). 

EcjiH npoTHBonojio>KHbie CTopoHbi rnnepKySoB npe^nojiaraiOTCsi napajijiejib- 
HbiMH, pemeT0HHa5i MO^ejib cymecTBGHHO ynpomaeTC5i (cm. hhjkg) h CTanoBHTCH 
ropasflo 6ojiee npHcnocoSjiena k HHCjieHHbiM CHMyji5iLi,H5iM. Hhjkg mm npHBO^HM 
Bbipa>KeHHe ^jih pemeTOHHoro j\eKCTBR5i b cooTBeTCTByKDmeft MO^ejiH. Anajio- 
rHHHoe paccMOTpeHHe mojkgt 6biTb BbinojineHO h p^ji^i o6inero cjiynasi, ho npn 
3T0M HOJiyneHHoe Bbipa>KeHHe OKasbmaeTcsi cym,ecTBeHHO 6ojiee cjio>KHbiM. 

TaKHM oGpasoM, HH>Ke b fl^annoM nynKTe BeKTopa = 0, 1, 2, 3, 4) npe/i,- 
nojiaraK)TC5i nesaBHCHMbiMH. OcTajibHbie e^{fi = 5,. ..,15) onpefleji5iiOTC5i Tax, 
HTO npoTHBonojiojKHbie CTopoHbi rHnepKy6oB napajiJiejibHbi Apyr Apyry. FHnep- 
Ky6HHecKa5i pemeTKa nepHOflHHHa. 

BbiHHCJiHM fleficTBHe (18.231 ) na KycoHHO - jiHHefiHOM npocTpancTBe PHMana 
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- KapTana, cocT05imHM h3 rnnepKySoB. 

MTo6bi nepenHcaTb Bbipa>KeHH5i ( 18.211 ) h ( 18. 221) pemeTOHHOH kphbhs- 
Hbi H KpyHGHHsi B yflo6HOM BHfle Mbi nepexoflHM K flyajibHOH pemeTKe. Tor^a 
MaTpHii,bi BpameHHH npHKpenjiGHbi k jiHHKaivi, a nojie TeTpa^bi onpe^ejieHO b 

TOHKaX. 0603HaHHM U^{x) MaTpHI],bI, COOTBeTCTByiOmHe JIHHKaM, KOTOpbie Ha- 

HHHaK)TC5i B TOHKe X H yKasbiBaiOT B HanpaBjieHHH fi (fi = ±4, ±3, ±2, ±1). 
Mbi o6o3HaHHM nocpeflCTBOM Q^j^{x) = U^{x)... npoHSBefleHHe jiHHKOBbix MaT- 
pHu, BflOJib rpaHHii,bi njiaKeTa, noMemeHHoro b njiocKOCTH {^iv). TeTpa^a, npn- 
KpenjieHHaa k TOHKe o6o3HaHaeTC5i 8^ = — Eq,ii = 1,2,3,4. JJ^jisi ot- 
pHLi,aTejibHbix SHaHGHHH n onpefleji5ieM S^^^ = —S^- 06paTHa5i MaTpHii,a jiJi^i 
nojio>KHTejibHbix SHaHeHHH HHfleKCOB o6o3HaHaeTC5i S'^{x) = {£{x)^^}'\. Mbi 
TaKJKe pacnpocTpaH5ieM sto onpe^ejieHHe na OTpHij,aTejibHbie snaHenw HH^eK- 
cob: S'^{x) = sign(ii){[S(x)]^^yj^^ . 06o3HaHHM nocpeflCTBOM Ax^ CMemeHHe na 
OflHH mar pemeTKH b fi - m HanpaBjieHHH (Aa:_^ = —Ax^). Tor^a, x + Ax^ 
3T0 TOHKa, nojiyneHHasi CMemeHHeM h3 tohkh x na o/],hh mar pemeTKH b Ha- 
npaBjieHHH fi B TO BpeM5i, KaK X — Ax ^ HOJiynaeTCsi CMeni,eHHeM b npoTiiBO- 
HOJio>KHOM HanpaBjieHHH. Tor^a U-^{x) = U~^{x — Ax^). flajiee, OHpe/i,ejiHM 
A^Sjy{x) = U^{x)£„{x + Ax^j) — S„{x). Bes^e Hpe^HOJiaraeTcsi cyMMnpoBanne 

HO HOBTOp5IIOm,HMC5I HHfleKCaM /i, J/, ... - HO ±4, ±3, ±2, ±1. 

Bbo^hm pemeTOHHbie TeTpa/i,Hbie KOMHonenTbi Kpynennsi h kphbhshbi, npn- 
KpeHjieHHbie k ysjiaivi pemeTKH h HOJio>KHTejibHbiM h OTpHH,aTejibHbiM nanpaB- 
jieHHHM (b 3T0M Haparpa4)e h b cjie/i,yiom,eM cyMMnpoBanne ho rpenecKHM hh- 
fleKcaM He HOflpasyMeBaeTra): 



R(x) = E[Rn(^) 

mcFi^) = E ^^^i^l^^F - ^c^?] (8.24) 

Tenepb mm roTOBbi BbipasHTb fleftcTBHe ( 18.231 ) na Kyconno - jiHHeiiHOM mho- 
roo6pa3HH nepes E^(x) h U^{x). JJ^jisi SToro mbi HCHOJibsyeM Bbipa>KeHH5i fl^jisi 
KpyHeHH5i H KpHBH3Hbi ( 18.211 ) H ( 18.221 ). Mbi onycKaeM HpoMe>KyTOHHbie marn h 
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npe/],CTaBji5ieM OKOHHaTejibHbiH pesyjibTaT, Hcnojib3y5i o6o3HaHeHH5i ^jih peme- 

TOHHOrO KpyHeHHH H KpHBHSHbl. 

x^sites Mi'^ 

-7m^[Rn(x)} + ^m|,E [Tl^c(^)[Tl^c(^) + >^0^ (8-25) 

r/],e = |det£'(a:)| - 3to oGteivi rnnepKyGa, fljajihnoro ysjiy x /],yajibHOH 

pemeTKH. 

3flecb Mbi BBejiH pemeTOHHbie KOHCTaHTbi cb5I3h a, ^, A, 7, KOTopbie otjih- 

HaK)TC5I OT HCXO;],HbIX 4)aKT0paMH, KOTOpbie 4)0pMajIbH0 GeCKOHeHHbl, nOCKOJIb- 

Ky npoHCxoflHT ot ^ejibTa - 4)yHKLi,HH h3 Bbipa>KeHHH (18.211 ) h (18.221) flji5i Kpy^e- 
HH5I H KpHBHSHbi. Pa3yMeeTC5i, sflecb npeflnojiaraeTC5i, hto HcnojibsoBana neKO- 
Topa.51 peryjiJ5pH3aLi,H5i, KOTopasi ^ejiaeT sth 4)aKTopbi KOHe^HbiMH. Mbi nojia- 
raeM, hto nocjie nepenopMnpoBKH Ka>K/],a5i 4)H3HHecKa5i BejiHHHHa MO>KeT 6biTb 
Bbipa^Kena nepes (J^HSHHecKHe KOHCTaHTbi cb5I3h. BecKoneHHOCTH, yKasannbie 
Bbime, TaK>Ke flOJi>KHbi norjiOTHTbcsi nepeHopMHpoBaHHbiMH nocTOHHHbiMH. 

B Hameii pemeTOHHOH MO^ejiH (na ^yajibHOH pemeTKe) TpaHCji5in,HOHHa5i 
CBHSHOCTb E^(x) npHKpenjiena k ysjiaM, a 5*0(4) MaTpHii,bi U^{x) npHKpen- 
jieHbi K jiHHKaM. ^GHCTBHe MOflejiH KOMnaKTHbiM o6pa30M Bbipa>KaeTC5i Hepes 
3TH nepeivieHHbie. JlerKO noHOTb, hto (18.161) - CHMMeTpH5i fleftcTBHsi. HxaK, mbi 
HMeeM pemeTOHHyio MO^ejib c rpynnoH HyaHKape b Ka^ecTBe KajinGpoBOHHofi 
rpynnbi. 

8.4.5 CpaBHGHHe c npe^bi^ymHMH pa6oTaMH no flHCKpeTH3aii,HH 
HyaHKape rpaBHTai],HH na rnnepKyGHHecKOH pemeTKe 

KaK y>Ke OTMenajiocb, pemeTO^Haa rHnepKy6HHecKa5i peajiH3an;H5i HyaHKape 
rpaBHTai],HH paccMaTpHBajiacb b p5i/],e pa6oT (cm., nanpHMep, [131 [331 133, ESJ 
[371 [16]). Ilocjie Toro KaK HaiviH H3Jio>KeH nam noflxo/i, mbi totobbi cpaBHHTB ero 
c noflxoflOM ynoMHHyTBix pa6oT. npe>Kfle Bcero, bo bcgx sthx pa6oTax nenpe- 
pBiBHa5i MOflejiB 6Bijia nepeHecena na pemeTKy nocpe^CTBOM npHMeHeHH5i npo- 

CTOH HaHBHOH /],HCKpeTH3aLl,HH MeTOflOM KOHeHHBIX paSHOCTGH. 3t0 OSHaHaGT, 

HTO paccMaTpHBajiHCB onpeflejieHHBie nepeMenHBie, npHKpenjienHBie k ysjiaivi h 
jiHHKaM rnnepKySHHecKOH pemeTKH. Hpn stom sa^aBajiocB cooTBeTCTBHe Me>K- 
fly HHMH H CBH3H0CTBK) rpyHHBi HyaHKape. B [331 [33, [IB] H TeTpa^a, h (SO (4) 
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CB5i3HOCTb Ha pemeTKe npHKpenjieHbi k jiHHKaivi. B [33] rpynna HyaHKape pac- 
CMaTpHBajiacb KaK npe^ejibKbiH cjiyHafi rpynnbi CnTTepa, a jiHHKOBbie ne- 
peMeHHbie npHHafljie>KaT S0{5). B |[T31 EB] <5'0(4) CBsiSHOCTb npEKpenjiena k 
jiHHKaM, B TO BpeM5i, KaK TGTpafla npHKpenjieHa k ysjiaivi pemeTKH. Onpe^ejie- 
HHe pemeTOHHOH MO^ejiH b [36], b npHHij,Hne, 6jih3ko k Hameii MO^ejiH, c4)op- 
MyjiHpoBaHHOH Ha flyajibHOH pemeTKe. OflnaKO, MOflejiH, TeM He Menee otjih- 
HaiOTCH. Hpe^Kfle Bcero, b [SB] ^eftcTBHe - b 4)opMe SftHniTeftHa - FHjibGepTa 
B 4)opMyjiHpoBKe riajiaTHHH, TO ecTb coflep>KHT TOJibKO nepByK) CTenenb peme- 

TOHHOH KpHBH3HbI. HjieH —^rripj^xesites 'R{x)\S{x) \ H3 ( 18.251 ) Mor 6bi coBna^aTb 

c fleiiCTBHeM [36], ecjiH 6bi b nocjie^Heivi 6bijio BbinojiHena CHMMeTpH3aLi,H5i no 
pa3JiHHHbiM HanpaBjieHHHM. B [13] 6bijiH paccMOTpenbi Hjienbi KBaflpaTHHHbie 
no KpHBH3ne o6m,ero Bn^a. H jinnKOBaa 0(4) CB5i3nocTb, n TeTpa^a Gbijin pac- 
CMOTpenbi B 4 X 4 cnnnopnoM npe^CTaBjiennn. OKonnaTejibnoe Bbipa>Kenne flji^^ 
pemeTonnoro ^encTBHa /],OBOJibno cjio>KHoe n ne coBna^aeT c ( 18.251) . 

KjironeBoe OTjinnne OTMenennbix noflxoflOB n namero noflxo^a - b tom, hto 
Mbi ncnojib3yeM peryjisipnyro npon,e/],ypy n annpoKcmvinpyeivi npocTpancTBO Pn- 
Mana - KapTana Kyconno - jinneiinbiMn npocTpancTBaMH Pniviana - KapTa- 
na. 3Ta npon^e^ypa ^aeT naM /],HCKpeTH3an,HK) Hcxo^noro Mnoroo6pa3n5i, ko- 
Topaa nnBapnanTna OTHOCHTejibno o6n],eKOopflHHaTHbix npeo6pa30BannH no 
nocTpoeHHK). B npoTHBonojio>KnocTb STOMy KoncTpyKn,nn, paccMOTpennbie b 
[131 ESI E51 ESI EH [E] napymaroT nnBapnanTnocTb OTnocnTejibno /],n4)4)eoMop- 
(|)H3M0B H ne flaiOT KajinGpoBonno nnBapnanTnoii /],ncKpeTn3an,nn HyanKape 
rpaBHTan,HH. 

8.4.6 Mepa HHxerpHpoBaHHa 

B nameM cjiynae ecTb ^Ba uojiii: <5'0(4) CB5i3nocTb n Tpancji5in,nonna5i cb5I3- 
nocTb. TaKnM o6pa30M, ecTecTBenno ncnojib30BaTb Mepy, nnbapnanTnyro ot- 
HOCHTejibHO pemeTonnoH peajiH3an,Hn Kajin6poBonnbix npeo6pa30BanHH. Ham 
Bbi6op - 3T0 Mepa, nnBapnanTna5i OTHOCHTejibno KajinGpoBonnbix npeo6pa30Ba- 
nnn n jiOKajibnasi. TaKaa Mepa OKa3bmaeTC5i eflnHCTBennon, hto cym;ecTBeHHO 
OTjinnaeT namy flncKpeTn3an,nK) ot Pefl>Ke flHCKpeTH3an;Hn, r^e jiOKajibnasi sb- 
pncTnnecKa5i Mepa ne 5iBji5ieTC5i o/],no3nanno onpe/],ejiennoH (cm. n. 8.4.1.), a 
Mepa Jlyn^a - Pefl>Ke, cooTBeTCTByrom^asi pemeTonnon peajin3an,nn MeTpnKn na 



168 



MHOJKeCTBe KyCOHHO - JIHHeilHblX pHMaHOBblX npOCTpanCTB, He 5IBJI5ieTC5I JIO- 

KajTbHOH (cm. rjiaBy 7). 

0603HaHHM SaflaHHyK) flHCKpeTH3aiI,HK) (c nepeMGHHblMH E R U) KaK 
A4. PaCCMOTpHM MHOJKeCTBO COOTBeTCTByiOmHX HeSaBHCHMblX nepeMCHKbix 

{E^{I);Uij}. (B cjiynae rHnepKy6oB, y KOTopbix npoTHBonojiojKHbie CTopoHbi 
napajiJiejibHbi mm HMeeM 5 nesaBHCHMbix nepeMennbix -E'^(I) b Ka^K^OM rnnep- 
Ky6e. B cjiy^ae, ecjiH TaKoe ycjiOBne ne HaKjia;];biBaeTC5i, hx - 16). KajiH6poBOH- 
Hbie npeo6pa30BaHH5i cooTBeTCTByiOT cpfinry Ka>Kfloro rnnepKySa pemeTKH na 
BGKTop v^(T) H BpameHHK) Gi G 50(4). 3to npeoGpasoBaHHe ^eiicTByeT xax 

(I); Uij} ^ {eiE.ii) + ^(i); GiC/ijej}. 

JIoKajibHOCTb Mepbi osHanaeT cjieflyioin;ee. IlojiHafl Mepa MO^KeT 6biTb npe^- 
CTaBjiena KaK 

DMiE; U) = UiU^DE^il)Uj,jDUu, (8.26) 

Sflecb npoHSBe^eHHe - no CToponaM rnnepKySoB h no jinnKaM, coeflHHJ5K)n],HM 
D;eHTpbi rHnepKy6oB c BepmnnaMH. Mepa no jinnKOBbiM MaTpni^aM Uij o6o3Ha- 
^aeTCH DUij. Mepa no BeKTopaM E^{T) o6o3HanaeTC5i DE^{T). Mbi na3biBaeM 
pemeTO^nyio Mepy jiOKajibnon, ecjin Bnyxpn KajK^oro rHnepKy6a DE^ fljiii 
flannoro fi 3aBHCHT tojibko ot E"^, a. DUu flji5i flannbix I, J 3aBHCHT tojibko ot 

Uij. OHeBHflHO, HTO 3T0 TpeSoBaHHG (jDHKCHpyCT eflHHCTBeHHblH Bbl6op DE^ H 

DUi,: DE^ = IlA,fj,dE^, b to BpeMH, KaK DU - nnBapnanTnaa Mepa na 5*0(4). 
8.4.7 AjiropHTM MeTponojiHca 

CjieflyeT otmcthtb, hto b peajibHbix HHCjiennbix CHMyji5in,HJ5x y^oSno Bbipa3HTb 
Ka.7KpjK) SO {4) jiHHKOByio MaTpHn,y (na pjajihuoR pemeTKe) KaK 4)yHKn,HK) 
51/(2, C) MaTpHn,bi. CooTBeTCTBne 3aflaeTC5i npnBbinnbiM cnnnopHbiM npe/i;- 
CTaBjienneM 50(4) Bpan^ennn. Tor^a nnBapnanTnaii Mepa na 51/(2, C) rene- 
pnpyeT nnBapnanTnyio Mepy na 50(4). TexnnnecKH ropa3flO npon];e CHMyjin- 
poBaTb 51/(2, C) nojie, neM co6cTBenno 50(4) nojie. 

AjiropHTM MeTponojinca fljii^ CHMyji5in;nn nameii uop^ejii^ (Kor^a npoTnBO- 
nojio>KHbie CTopoHbi Ka>Kfloro rnnepKyGa npe^nojiararoTCH napajijiejibnbi flpyr 
flpyry) onncbmaeTCH cjie/],yK)n],nM o6pa30M. Ha Ka>K/],OM mary ajiropnTMa bbi- 
6HpaeTC5i Oflnn h3 jinnKOB n o^nn h3 Konu;oB SToro jinnKa. OopMnpyeTCii npe^- 
jiojKenne jinnKOBon 51/(2, C) MaTpHn;bi n 4 x 4 MaTpHn;bi, npnKpenjiennoii k 
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Bbi6paHH0My ysjiy, 5iBji5iK)ineMyc5i Bbi6paHHbiM kohi],om flanHoro jiHHKaB Saxeivi 

BbIHHCJI5IK)TC5I HJIGHbl B /],eHCTBHH ( 18 ■251) . KOTOpbie COflep>KaT KpyHeHHe H COOT- 

BeTCTByiOT cocep^iiM flaHHoro ysjia. Saxeivi, bbihhcjisiiotcsi Hjienbi b fleiiCTBHH, 

KOTOpbie CO/],ep>KaT KpHBHSny H COOTBGTCTByiOT TOHKaM "6a60HKH COOTBGTCTBy- 

lomeit flaHHOMy jiHHKy. TepMHH "6a6oHKa" ("butterfly") osnaHaeT (|)Hrypy, co- 
CT05iinyio H3 Bcex njiaKeTOB, coflep>KainHx flaHHbiii jihhk. 06o3HaHHM cyMMy 
yKasaHHbix HjienoB KaK 5*^^^. Ty >Ke cyMMy, BbiHHCJieHHyio npn CTapbix snane- 
HH5IX npefljiaraeMbix nepeMennbix o6o3HaHHM S^^'^. npefljio>KeHHe npHHHMaeTCH, 
ecjiH ^'^^'^ < 5°^^. HnaHe oho npHHHMaeTcsi c Bepo5iTHOCTbK) exp {S°^'^ — 5"^^). 
3aTeM Bbi6HpaeTC5i flpyroii jihhk h op^un h3 kohh,ob SToro jiHHKa, h npon^e^ypa 

HOBTOpaeTCil. 

/^JIH TOrO, HT06bI yCKOpHTb CHMyjI5IH,HK) CJiepjQT COXpaHHTb B KOMHblOTepHOH 
naMHTH 3HaHeHH5I BCeX HJiaKeTHblX nepeMeHHblX Q^j^, 3HaHeHH5I HpOH3BOflHbIX 

A^^'j,, H 3HraHeHHH o6paTHbix MaTpnn, {^^}^^- 
8.5 BbiBO^bi 

B HacT05ini,eH rjiabe naivin paccMOTpenbi /],Ba cnoco6a /],HCKpeTH3aii,HH KBanTO- 
BOH rpaBHTaLi,HH. 06a ohh HHcnnpHpoBaHbi TpyflHOcraMH npeflbi^ymnx ^hc- 
KpeTH3ai],HH. A HMeHHO, H3 npefljio>KeHHbix panee KOHCTpyKD,HH TOJibKO PefljKe 
flHCKpeTH3ai],H5i KajinSpoBOHHO HKBapnaHTHa no nocTpoeHHio. B stoh flHCKpeTH- 
3an,HH, oflHaKO, npncyTCTByiOT npo6jieMbi c Mepoii HHTerpHpoBaHH^^ no noji5iM, 
KOTopbie neB03MO>Kno ycTpannTb b neTbipex H3MepenH5ix. B npe/],bi/],yni,eH rjiabe 
6bijia npefljio>Kena KoncTpyKn,n5i, KOTopasi ^ejiaeT nocjie^OBaTejibno nocTpoen- 
nyio Mepy Jlyn^a - Pefl>Ke b flByx H3Mepenn5ix jiOKajibnon n npneivijieMon 
npaKTnnecKnx Bbinncjiennn. B neTbipex H3MepeHH5ix /],o6nTbCJ5 Toro >Ke ne y^a- 
eTC5i. 3BpncTnnecKa5i Mepa, Hcnojib30BaHna5i b npaKTnnecKnx Bbinncjiennsix b 
paMKax HcnncjienHH Pefl>Ke, c namen tohkh 3penH5i, ne Bbiflep>KHBaeT kphthkh. 

JJ^jiii npeoflOJiennsi yKa3annoH npo6jieMbi c Mepoii mm paccMOTpejin npe>K- 
fle Bcero /],ncKpeTn3an,nK) TejienapajiJiejibnoro npe^CTaBjiennsi Teopnn rpaBnTa- 
n,HH. Tejienapajijiejin3M - sto cnoco6 CMOTpeTb na PnManoBy reoMeTpnio KaK 
na reoMeTpnK) BeHn,en6oKa, a na KBanTOByro rpaBnTan,nK) - KaK na Kajin6po- 

^MojKHO 3a4)HKCHpoBaTb KajiH6poBKy H noTpe6oBaTb Eq — 0. CooTBeTCTeyioinHH fleTepMnnaHT Oa/mecBa 
- IIonoBa - KOHCTaHTa. 
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BOHHyK) TeOpHK) rpynnbl TpaHCJI5II],HH. /]^HCKpeTH3aLI,HH CTpOHTC5I KaK KyCOHHO - 

jiHHeHHoe npocTpancTBO BeHi],eH6oKa h, TaKHM oGpasoM, siBjiaeTCH KajiH6poBOH- 
HO HHBapHaHTHOH HO nocTpoGHHio. HHBapHaHTHasi jiOKajibHasi Mepa Ha rpyn- 
ne TpaHCJiHij,HH 4)HKCHpyeT e/],HHCTBeHHyK) Mepy HHTerpHpoBaHH5i no nojiHM. 

K Tpy;],H0CT5IM 3T0H flHCKpeTH3ai],HH CJiepjQT OTHeCTH TO, HTO /],HCKpeTH30BaH- 

Hoe fleiicTBHe TepsieT 5*0(4) HHBapHaHTHOCTb. KpoMe Toro, oho flocTaTonno 
rpoMOSflKO, ecjiH mbi xothm bkjuohhtb b Hero Hjienbi, KBaflpaTHHHbie ho Ph- 
MaHOBOH KpHBHsne (HOCJieflH5iJ5, pa3yMeeTC5i, Bbipa>KaeTC5i cooTBeTCTByK)m,HM 
o6pa30M nepes TpaHCJiHH,HOHHyK) cbsishoctb npocTpancTBa BeHii,eH6oKa, 5ibji5i- 
iomeroc5i TejienapajiJiejibHbiM SKBHBajieHTOM PHManoBa npocTpancTBa). 

BTopoH cnoco6 flHCKpeTH3ai],HH, KOTopbiH Mbi npefljiaraeM, paspemaeT Tpy/i,- 
HOCTH nepBoro sa chqt BKjiiOHeHHH b paccMOTpenHe pacniHpeHHH FHManoBa 
npocTpancTBa - npocTpancTBa PHMana KapTana, b KOTopoM b o6meM cjiynae 
KpyHGHHe He sanyjiHeTCsi. HaMH nocTpoena flHCKpeTH3an,H5i, ocnoBbmaiomaHCH 
Ha KycoHHO - jiHHeftHbix npocTpancTBax PHMana - KapTana. IlpnneM sinen- 
Kn 3Tnx npocTpancTB nivieiOT rnnepKySnnecKyio 4)opMy, hto cnjibno ynponi,a- 
CT npaKTnnecKne npHMenennH b nncjiennbix pacneTax. CnoBa nnBapnanTnaa 
Mepa na rpynne HyanKape cJ^nKcnpyeT naM eflnHCTBennyio jiOKajibnyio Mepy 
HHTerpnpoBanHH. B to >Ke BpeM5i pemeTonnaa MO^ejib nMeeT rpynny HyanKa- 
pe B KanecTBe Kajin6poBOHHOH. Hepexofl k renepan,HH PnManoBon reoMeTpnn 
B 3T0M noflxo/],e co>KeT 6biTb Bbinojinen ^nnaMnnecKn, Korp^a npn ybejinnennn 
3nanenn5i 6 b (18.231) no/],aBji5iK)TC5i 4)jiyKTyan,nn Kpynenna. 

8.6 ny6jiHKaLi;HH 

PesyjibTaTbi nacTOHm,eH rjiabbi ony6jiHKOBaHbi b pa6oTax 

"Teleparallel gravity on the lattice M. A. Zubkov, Phys.Lett. B582:243- 
248,2004, |hep-lat/0311036] 

"Gauge invariant discretization of Poincare quantum gravity M. A. Zubkov. 
Phys.Lett. B638:503-508,2006, Erratum-ibid.B655:307,2007, |hep-lat/0604"0TTl 
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FjiaBa 9 

MnoroMepHbie ^HHaMHHecKiie 
TpiiaHryjiaii;iiH 

B npeflbiflymHx p^Byx rjiaBax mbi pacciviaTpHBajiH /],HCKpeTH3ai],HK) KBaHTOBoii 
rpaBHTaLi,HH, h paspeniHjiH onpeflejieHHbie TexHHHecKHe Tpy^HOCTH npeflbi^y- 
mnx noflxoflOB k STOiviy Bonpocy. B rjiaBe 7 HaMH nocTpoen BapnaHT Pe/],>Ke 

flHCKpeTH3ai],HH B flByX H3MepeHH5IX, B KOTOpOM MCpa JlyHfla - Pe/],>Ke JIOKajIb- 

Ha. B rjiaBG 8 naMii nocTpoenbi pfie pasjiHHHbie flHCKpeTH3ai],HH HeTbipexMep- 

HOH rpaBHTaiI,HH C JIOKajIbHOH MepOH HHTerpHpOBaHHH, K0T0pa5I 4)HKCHpyeTC5I 

KajiH6poBOHHOH HHBapHaHTHOCTbK). B HacT05imeH TjiaBe HaMH paccMaTpHBaeT- 

C5l eni,e 0/],HH HOflXO/I, K flHCKpeTH3aH,HH KBaHTOBOH rpaBHTaH,HH, OCHOBaHHblH 

Ha /],HHaMHHecKHx TpHaHryji5iH,H5ix. 3tot HOflxofl cymecTBeHHO OTJIHHaeTCa OT 
paccMOTpeHHbix B rjiaBax 7 h 8 HOflxoflOB tgm, hto b hgm OHpefleji5Hom,yK) pojib 
HrpaeT SHTpoHHHHbiii 4)aKTop. HosTOMy noflxo/i, ^HHaMnnecKHx TpHaHryjiHH,HH 
6jih30k ho Ayxy k HOflxo;],y, ocHOBaHHOMy na Hpe^CTaBjiennH o rpaBHTaH,HH Kax 

06 SHTpOHHHHOH CHJie |39| . 

CBoiicTBa flHHaMHHecKHx TpHaHryji5iH,HH B flByx, Tpex, H HeTbipex H3MepeHH- 
5ix xopomo H3BecTHbi. TaK>Ke npoBOflnjiHCb HHCJiennbie HCCJie/],0BaHH5i h u5itr- 
MepHoii MOflejiH. B HacTOHmeft rjiaBe mbi pemaeivi TexHHHecKyio 3aflaHy o hhc- 

JieHHOM HCCJieflOBaHHH MHOrOMepHblX flHHaMHHeCKHX TpHaHryjI5ILl,HH. A HMeHHO, 

HaMH Hccjie/],yeTC5i 10 - Mepnasi Mo^ejib. Cjie^yeT OTMeTHTb, hto 3aTpaB0HHaH 

pa3MepH0CTb B MOpfiJlilX flHHaMHHeCKHX TpHaHryjI5IH,HH BOBCe He 065I3aHa COBHa- 

flaTb c 4)H3HHecKOH pa3MepHOCTbio CHMyjiHpyeMoro HpocTpancTBa. HocjieflHsisi 
OHpefleji5ieTC5i KaK (JipaKTajibnasi pa3MepH0CTb h OKa3biBaeTC5i 6jiH3Ka k flByM, 
TpeM, H HeTbipeM b 3aBHCHM0CTH OT Toro, B KaKOH o6jiacTH KOHCTaHT CBa3H pac- 
CMaTpHBaeTCH Mo^ejib h KaKOB o6ni,HH oGt-gm cncTeMbi. TaKHM o6pa30M, nccjie- 
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flyeMaa MOflejib /],aeT ^HHaMKHecKoe onpe^ejieHHe pasMepnocTH npocTpancTBa 

- BpeiVieHH H 34)4)eKTHBHO B C0CT05IHHH OnHCblBaTb TeopHK) MeHbineft (HeM 10) 
paSMepHOCTH. 

B [H] (h cjiepjii ccbijiKaM BHyTpn stoh pa6oTbi) mo>kho HafiTH uoppo6- 
Hoe onHcaHHe pesyjibTaTOB, nojiyHGHHbix b 2, 3 h 4 MepHbix MO^ejiHx ^HHa- 
MHHecKHx TpHaHryji5ii],HH (flT). PesyjibTaTbi HCCJieflOBaHHii 5 - MepnoH MO^e- 
jiH coflep>KaTCJ5 B [13]. ripH D = 2 ffT MO^ejib HMeeT xopomo onpeflejienHbift 
HenpepbiBHbiii npe^eji, cooTBGTCTByioinHH npeflCKasaHHHM nenpepbiBHOH Teo- 
pHH [12]. ripH D = 3, 4 EBKjiH/],OBbi MOflejiH HMeiOT flBe 4)a3bi: xaoTHHecKaa 
4)a3a (crumpled phase) c 6ecK0HeHH0H 4)paKTajibH0H pasMepnocTbio, h 4)a3a 
BeTB5iinHxc5i nojiHMepoB (branched polymer) c 4)paKTajibH0H pasMepnocTbio, 
6jih3koh k 2. BbefleHHe b MO^ejib KaysajibHOH CTpyKTypbi (hto cooTBCTCTByeT 
nepexofly ot Ebrjihaoboh k JlopeHn,eBOH KBanTOBoii rpaBHTaii,HH) hjih BBep^enne 
B3aHMOfleHCTBH5i c MaTepHCH HSMeHHCT noBeflCHHe MOflCJiH H flCJiacT ero Gojiee 
peajiHCTHHCCKHM [lH US]. TcM He MeHee,HHCTa5i EBKjiHflOBa Mo^ejib flHHaMHHe- 
CKHX TpHaHryji5iii,HH 0CTaeTC5i CTpyKTypHbiM Gjiokom 6ojiee cjio^khmx MOflejieii 
H sacjiyjKHBaeT RCCJiepflBanw caivia no ce6e. 

Haivin paccMaTpHBacTCH flecsiTniviepnasi MO^ejib ccl^epnHecKon Tonojio- 
rnn. 0>KH/],aeTC5i, hto noBe/^enne TaKoii MOflCJin anajiornnno noBe/^ennio 3, 4, n 
5 - Mcpnbix MOflCJien. MacTnnno sto npe^nojio^Kenne noflTBep>KflaeTC5i. O^na- 
KO, OKa3bmaeTC5i, hto gctb h noBbie CBoncTBa, KOTopbie OTcyTCTByiOT b mo^c- 
JI5IX Mcnbmnx pasMepnocTeii. Hanpniviep, lOD MO^ejib TaK>Ke hmcct ^bc 4)a3bi 
anajiornnnbie noflo6nbiM 4)a3aM b 3, 4 n 5 - Mcpnbix Mop^ejiiix. O^naKO, b na- 
meM cjiynae 4)a30Bbin nepexofl (no Kpannen Mepe p^jiii naGjiiOflaeMbix o6TDeMOB 
V = 8000 R V = 32000) hmcct mccto npn OTpHn,aTejibnoM 3nanenHH 3aTpa- 
BonnoH rpaBHTan,nonnoH nocToannoH b to Bpeivia KaK b nH3mnx pa3MepnocT5ix 
on npoHCxo/];HT npn nojio>KnTejinoM 3HaHenHH KoncTanTbi cb^isr. 3to 03nanaeT, 
HTO BaKyyM, onpe/],eji5iiom,nHCJ5 o^non jinmb snTponnen b 10 D cncTeMe (Kor^a 
pemcTonnoe /],eHCTBne BbiKjiioneno) nivieeT CTpyKTypy BeTB5ini,nxc5i nojiniviepoB 
B TO BpeM5i, KaK B nn3Kopa3Mepnbix cncTCMax sto 6bijia 6bi xaoTHnecKaa 4)a3a. 

CjieflycT TaK>Ke 3aMeTnTb, hto paccMaTpnBaeMbie naivin o6T.eMbi ne MoryT 
cooTBGTCTBOBaTb cncTCMC " 4)n3nnecKOH" pa3MepnocTn D = 10. 3to cjie^ycT n3 
Toro, HTO y>Ke npn jinnennoM pa3Mepe 3 rnnepKy6nHecKaH lOD pemcTKa nivieeT 



173 



0.28 n 




0.12 - 
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K 

Phc. 9.1: KpHBHSHa. 

oSiieM V = 3^^ = 59049. OflnaKO, Ha6jiio;],aeMa5i 34)(|)eKTHBHa5i ((l^paKTajibHaa) 
pasMepHOCTb TpHaHryjiHpyeMoro npocTpancTBa, CKa>KeM, npn V = 32000 paB- 
Ha ~ 4 B xaoTHHecKOH (Jiase, h ~ 2 b 4)a3e bgtbsiiuhxcsi nojiHMepoB. TaKHM 
o6pa30M, jiHHeHHbiH pasMep CHCTeivibi o>KH/],aeTC5i nop5i/],Ka ~ (32000)^ ~ 10 h 
~ (32000)^ ~ 100 cooTBeTCTBeHHO. 9to h noflTBep>KflaeTC5i npsiMbiMH HHCJien- 
HbiMH pacneTaMH. 

9.1 ^HHaMHHGCKHe TpHaHryjI5ILI,HH 

B 3T0M pasflejie mm KpaTKO onnmeM MO^ejib h HHCJienHbiii ajiropHTM. OS- 
sop flT MO>KHO HaiiTH B [41]. noflpo6Hoe onHcaHHe HHCJieHHoro ajiropHTMa b 

npOHSBOJIbHOH paSMepHOCTH flaHO B [3B]. 

B noflxofle flHHaMHHecKHx TpHaHryji5iLi,HH PHManoBO npocTpancTBO (Ebkjih- 
flOBoii CHrnaTypbi) annpoKCHMHpyeTC5i CHMnjiHLi,HajibHbiM KOMnjieKCOM, cocto5i- 
mHM H3 CKjieeHHbix flpyr c flpyroM D - MepHbix CHMnjieKCOB (nHpaMHfl). Ka>K- 
flbiH CHMnjieKC HMeeT D + 1 BepniHHy. Bee jihhkh HMeiOT o^HHaKOByio flJiHHy 
a. MeTpHKa BHyTpn kqjkj\oto enivinjieKea - njioeKa5i. HoBTOMy PHManoBa eB5i3- 
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HOCTb CKOHi],eHTpHpoBaHa Ha rpaHHn,ax CHMnjieKCOB. CKajiapnasi KpHBHsna R 
3aHyji5ieTC5i Bes^e, Kpoivie D — 2 - MepHbix CHMnjieKCOB. TpaflHn,HOHHO b Ka- 

HeCTBG fleftCTBHSI flJI5I flHHaMHHeCKHX TpHaHryjI5III,HH HCnOJIbSyiOT K0M6HHaiI,HK) 

o6mero HHCJia D — 2 - MepHbix (bones) u D - MepHbix CHMnjieKCOB (simplices), 
KOTopa5i B HaHBHOM HenpepbiBHOM npe^ejie nepexo^HT b fl^eViCTBRe SHHinTeiiHa 
- rHjib6epTa Ha pacciviaTpHBaeMOM KycoHHO - jiHHeiiHOM PHManoBOM npocTpan- 
CTBe: 

IdttG J IdttG bongs V 



(A^bones ^ A^simplicesCOS ( — )), (9.1] 

r^e O(bone) - hhcjio D - CHMnjieKCOB, KOTopbie coflep>KaT flaHHbiii D — 2 - 
MepHbiii CHMnjieKC. Volj = "^.j^^^ - 3to oSi^eM j - Mepnoro CHMnjieKca c pe6paMH 



fljiHHbi a, A^bones " o6mee HHCjio D — 2 MepHbix CHMnjieKCOB, A^simpiices " o6iii,ee 

HHCJIO D - MepHbix CHMHJieKCOB. 

McTpHKa TpnanryjinpycMoro MHoroo6pa3H5i hojihoctbio OHpefleji5ieTC5i cho- 
C060M CKjiCHBaTb D - MepHbie CHMHjieKCbi Apyr ^pyroM. HosTOMy 4)yHKH,H0- 
HajibHbiH HHTcrpaji b stom HOflxofle Bbipo>KflaeTC5i b cyMMnpoBanne ho pasjiHH- 
HbiM TpHaHryji5iH,H5iM (mm orpaHHHHBaeM ce65i cjiynacM c4)epHHecK0H tohojio- 
thh): 

Dg^T.-^ (9.2) 

r^e cyMMa - ho TpHaHryji5iH,H5iM T, aHHpoKCHMHpyioiii,HM pasHbie PHManoBbi 

HpOCTpaHCTBa0 a Ct - CHMMeTpHHHblli 4)aKT0p CaMOH TpHaHryjI5IH,HH (H0p5I/],0K 
rpyHHbl aBT0M0p(|)H3M0B). 

Mbi paccMaTpHBacM MO^ejib, b KOTopoft 4)jiyKTyaH;HH rjio6ajibHoro oG^bCMa 
HO/i,aBjieHbi. CxaTcyMMa hmcct bh/i,: 

Zv = T. ^exp{-S{T)) = E ^exp{i^D-2ND^2-^DND--f{Nn-Vf) (9.3) 

r^e Mbl 0603HaHHJIH Nd = A^simplices , Nd-2 = A^bones , H Kd-2 = K 
CO>KajieHHIO, HeB03M0>KH0 HOCTpOHTb ajirOpHTM, KOTOpblH rCHepHpyCT CyMMy HO 



^/I,Be (|)0pMajitH0 pasjiHHHbix TpHaHryjiHii,HH MoryT annpoKCHMHposaTb o;i,ho h to jkc PuMaHOBO npo- 
CTpaHCTBO. IIoaTOMy cjie^yeT bbbcth cooTBeTCTByiomHH 4)aKTop. 
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TpHaHryji5in,H5iM oflHoro h Toro >Ke o6T>eMa. HosTOMy nocTOHHHaH 7 0CTaeTC5i 
KOHeHHoii. ^£1-2) BbiGnpaeTCH Tax, hto 

<Nd>=Y: ^exp{KD-2ND-2 - i^dNd - i{Nd - Vf)ND = V (9.4) 

3to o6ecneHHBaeT to, hto oG^heu (JijiyKTynpyeT okojio Tpe6yeMoro snaHeHHsi 
V. OjiyKTyaij,HH - nop^flKa 6V ~ ^jih Toro, HTo6bi npnGjiHSHTbcsi k mo- 

AT/ 

flejiH c nocT05iHHbiM A^£) Mbi /],oji>KHbi yflep>KHBaTb ^ << 1. Ha npaKTHKe mm 
HcnojibsyeM 7 = 0.005 ajih V = 16000, 32000. TaKHM oGpasoM, ^ ~ 10"^. 

^jiH HHCJieHHbix HccjieflOBaHHH Mbi HCHOJibsyeM ajiropHTM MeTponojiHca b 
ero (|)opMe, onncaHHOH b [46]. Oh ocHOBan na cjieflyiomeM MapKOBCKOM npo- 
n,ecce. Ka^Kflbiii mar ii,enoHKH - sto npe^jio^KeHHe /],e4)opMaii,HH Ti — > Tj flan- 

HOH TpHaHryjIJ5II,HH Tj, KOTOpOe npHHHMaeTC5I HJIH 0TBepraeTC5I C BepOSITHOCTblO 

V{Ti — > Tj), y/],OBjieTBop5iiomeH ycjiOBHio 

exp{-S{T,))V{T, ^ T;) = exp{-S{Tf))V{Tf ^ T.) (9.5) 

Onpe/],ejieHHe npefljiaraeMoii fle(|)opMai],HH 6a3HpyeTC5i na cjie/],yK)meH iij\ee. 
PaccMOTpHM HGKOTopoe saMKHyToe D - MepHoe CHMnjiHij,HajibHoe MHorooGpa- 
3He TonojiorHH D - MepHofi c4)epbi. Tor^a, ecjiH CB5i3na.5i nacTb Hameii hcxo/i,- 
HOH TpHaHryji5iii,HH paBHa HacTH SToro MHorooGpasHH, mbi mojkgm saMeHHTb ee 
ocTaioineHC5i ^acTbio ^aHHoro MHoroo6pa3H5i. TaKHM o6pa30M mbi nojiy^aeM ^e- 
4)opMHpoBaHHyK) TpHaHryji5in,HK) toh me TonojiorHH, hto h HCxo^Hasi. ^ajiee, 
BBi6epeM rpaHHii,y dsjj+i CHMnjieKca D + 1 - pasMepnocTH s^j^i KaK OTMe^en- 
Hoe BBime MHoroo6pa3He. Ectb D + 1 B03M0>KH0CTeH BbiflejiHTB nacTB ds^+i 
cooTBeTCTByiomyio p - MepHBiM no/],CHMnjieKcaM sjj+i (j^ = 0, i?). PesyjiBTH- 
pyiomaa fle4)opMai],HJ5 nasBiBaeTcsi (j9, D — p) pfiRyKenne [4B] . 

HoKaSaHO, HTO nOCpe^CTBOM TaKHX /],BH>KeHHH B03M0JKH0, CTapTya C JIK)- 

60H TpHaHryji5iLi,HH, flocTHHB TpHaHryji5iLi,HK), KOTopaa KOM6uHa'mopHo 9Keuea- 
AeHuiHa^ npoHSBOJiBHO BBi6paHH0H TpHaHryji5iii,HH [48]. 3to CBOHCTBO HaSBI- 

BaeTC5I SprOflHHHOCTBK). BjiarOflap5I STOMy CBOHCTBy HaHHHa5I C TpHaHryjI5III,HH, 

annpoKCHMHpyioineH [17] ^aHHoe PHManoBO npocTpancTBO, bo3mo>kho ^octkhb 

^/],Be TpHaHryjIHn,HH KOM6HHaTOpHO SKBHSajieHTHbl, eCJIH OHH HMeiOT pa36HeHHH, KOTOpBie paBHbl C TOH- 

HOCTbK) flo nepeo6o3HaHeHHa: noflCHMnjieKCoe. PasGHenne Tj flanHoii TpiianryjiimHH T - sto flpyraa Tpnan- 
ryjijmHH, TaKaa, hto MHOJKecTBO ee BepniHH co/iepjKHT Bce BepniHHbi T, a jiio6oii CHMnjiexc s G jih6o 
npHHafljicjKHT T, jih6o npHHafljiejKHT KaKOMy - to CHMnjiCKcy T. 
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TpHaHryji5in,HH, KOTopaa annpoKCHMHpyeT hohth jiK)6oe PHManoBO MHoroo6pa- 

3He. HcKJIIOHHTejIbHbie CJiy^aH, B KOTOpblX STO HGEOSMO^KHO, KaK CHHTaeTCH 

o6biHHO, He MoryT noBjiH5iTb Ha 4)H3HHecKHe peayjibTaTbi. 

Ha HpaKTHKG Mbi Bbi6HpaeM cjiynaKHbiM o6pa30M /],BH>KeHHe [p G {0, D})^ 
CHMHjieKC TpHaHryjiHH,HH H ero p - MepnbiH noflCHMnjieKC. Hocjie SToro npo- 
BepaeM, ecTb jih OKpecTHOCTb SToro p - Mepnoro CHMnjieKca, SKBHBajieHTHasi 
Tpe6yeM0H HacTH 5sx)+i. Ecjih Tax, npe^jiaraeMoe flBH^Kenne (h cooTBeTCTBy- 
lOinHH noflCHMnjieKc) HasbmaeTCsi flonycTHMbiM h mm npoBepsieivi bosmo^khoctb 
ero BbinojiHHTb §. Ecjih fl^BuyKenue paspemeno, mbi npHHHMaeivi hjih OTBepraeivi 
ero c Bepo5iTHOCTbK): 

~" ^ 1 + (1 + '^^X-irA '^MSiTf) - SiT.)) ^'-'^ 

B HaniHx BbiHHCJieHH5ix MBI HaHHHaeM c TpHaHryji5in,HH MHHHMajiBHoro pas- 
Mepa, TO ecTB c dsD+i- Tor^a mbi no3BOJi5ieM eMy pacTii cjiyHaftHBiM o6pa30M 
flo Toro MOMeHTa, noKa oG^heu ne piDCTumeT ^aHHoro snaHeHHsi V. Hocjie SToro 
MBI HaHHHaeM HopMajiBHBiii npon,ecc ajiropHTMa MeTponojiHca. Bo BpeM5i SToro 
npon,ecca nocTOHHHasi kd noflCTpaHBaeTca aBTOMaTHHecKH c tcm, hto6bi yp,o- 
BjieTBopHJiocB ( I9.4lj . 3to /i,ocTHraeTC5i nepeonpe/],ejieHHeM k, k, + 2j{< Njj > 



-V) nocjie Ka>K/i,Bix 10 maroB§. 
9.2 MncjieHHbie pesyjibTaxbi 

Mbi HCCjieflyeM noBeflenne 10 D MO^ejiH fljia V = 8000 u V = 32000. Pac- 
CMaTpHBaiOTCJ5 3HaHeHH5i BapBHpyioni,Hec5i B npe^ejiax ot —0.1 flo 0.1, b 
KOTopBix CHCTeMa o6Hapy>KHBaeT cymecTBOBaHHe flByx 4)a3. OaaoBBiii nepe- 
xofl HMeeT MecTO npn ~ —0.03 /\jis{ V = 8000 h npo kjj ~ —0.01 /\ji5i 
V = 32000. 

CaMonoflCTpaiiBaioni,eec5i SHaHeniie kiq OKasBiBaeTCsi HesaBiic^^mHM ot V. B 
cooTBeTCTBHii c acHMHTOTHKOH GojiBHioro o6T.eMa, nojiyHeHHOH B [47], ee saBH- 

CHMOCTB OT Kg, - JIHHeHHa C XOpOmeil TOHHOCTBK): 

Kio = 15.57(1)k:8 + 0.42(1) (9.7) 



•^/^BH^KCHHe reoMeTpHHCCKH HeocymecTBHMO, ecjiH pesyjibTHpyiomHH HOBbiii CHMnjieKC yjKe cymecTeyeT b 
^aHHOii TpHaHryjiai];HH. 



0;i,HH mar - sto V npefljiojKCHHH donycmuMux ^bhjkchhh. 
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Phc. 9.2: OpaKxajibHaa pasMepnocTb. ^annbie p^jifi V = 8000 npe^^cxaBjieHbi TOHKaMH h 
HenpepbiBHOH jiHHHeli. /],aHHt.ie ^jih V = 32000 npe^cxaBjieHbi KpyraMH. 



Mbi HccjieflyeM cjieflyioiuHe nepeivieHHbie, KOTopbie OTpa^KaiOT CBoftcTBa Tpn- 
aHryjiHpyeMoro npocTpancTBa. 

1. Cpe/],HH5I KpHBH3Ha, KOTOpyK) HeCGT CHMnjieKC. HopMHpoBKa Bbi6paHa TaK, 

HTO OHa onpefleji5ieTC5i KaK 

_ 47rA^bones ^ /g 

D(D+l)iVsimpliccsCOS-l(^) ^ ■ ' 

PesyjibTaTbi p^jisi V = 8000 h y = 32000 coBna^aiOT c xopomeft tohhoctbio. 
Ohh npeflCTaBjiGHbi na piic. I9.1[ B npoTHBonojio>KHOCTb HeTbipexMepnoMy cjiy- 
Haio (npH Ha6jiK)flaeMbix snanenniix Kg) R > [b HeTbipexMepnoM cjiy^ae Kpn- 

BH3Ha CTanOBHTCH OTpHU,aTejIbHOH npH Kd~2 6jIH3KOM K 0). XopOniHM (|)HTOM 

;:;ji5i flaHHbix pHC. l9.1l 5iBji5ieTC5i: 

R = 0.218(1) + 0.654(2)av8 - 1.97(3)«:^ (9.9) 

2. FeoflesHHecKoe paccTOHnne Mempj ^ByMH CHMnjieKcaMH - fljinna KpaT- 
HaHinero nyTH Mewipy hhmh. Tohkh SToro nyTii cooTBeTCTByiOT CHMnjieKcaM. 
JIhhkh cooTBeTCTByioT napaM coceflHHx CHMnjieKCOB. Mbi o6o3HaHaeM reop^esu- 
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HecKoe paccTOHHHe Me^K^y CHMnjieKcaiviH u r v nocpe^CTBOM p{u, v). Sacj^HKCH- 
pyeM CHMnjieKC s. Tor/],a map Bji{s) pa/],Hyca R E Z coctoht h3 CHMnjieKCOB 
u TaKHx, HTO p{u, s) MeHbHie, HjiH paBHO R. OG^heu mapa onpe^ejisieTCsi KaK 
HHCJio CHMnjieKCOB, co/],ep>KamHxc5i BHyTpH Hero. 

OflHa H3 HanGojiee HHcjDopiviaTHBHbix xapaKTcpncTHK TpHanryjinpyeMoro 
MHoroo6pa3H5i - 3T0 cpeflHHH oG'heM V{R) mapoB (pa^nyca R) KaK 4)yHKi],H5i 
SToro pa^Hyca. Ha npaKTHKC npn HSMepeHHHx mbi BbiHHCji5ieM V/?(s) p^ji^i npoHS- 
BOJibHO Bbi6paHHoro CHMnjiCKca s. Tor^a mm BbinojiH^^eM ycpeflHCHHe no nsMC- 
penHHM (oTflCJibno fljisi Ka>K/],oro R). V{R) CTanoBnTC5i nocT05innbiM, nannnasi 
c ncKoero snanennsi R. 3to snanenne - sto ycpe^nennoe nan6ojibmee snanenne 
Me>Kfly pfiyMii cnMnjiCKcaMn Mnoroo6pa3H5i, nasbmaeMoe TaK>Ke ^naMCTpoM d. 
Mbi Haxo;],HM, HTO fljiH V = 8000 npn 1 < < | saBHCHMOCTb logV ot logR 
jinnenna. ^jih V = 32000 to >Ke nMCCT mccto npn 4 < < |. Yroji naKjiona 
KpHBoii fl^&eT naM onpe^ejienne (JipaKTajibnon (Xaycflop(|)OBon) pasMcpnocTn 
Mnoroo6pa3n5i: log V = const + "Dlog R. 

3. Cpefln5i5i 4)paKTajibna5i pasMcpnocTb 'D{V) Mnoroo6pa3n5i naGjiro- 
/],aeMbix oS^bCMOB V KaK 4)ynKn,n5i kj:)^2 npe^CTaBjiena na pnc. I9.2[ ^annasi 
saBHCHMOCTb yKasbiBacT na to, hto nMCCT mgcto (l^asoBbin nepexofl npn Kpn- 

THHCCKOM Kd~2 = ^c(^)- fl-^^ na6jIK);],aeMbIX 06T.eM0B Kc OKaSblBaCTCH MajIbIM 

n OTpnn,aTejibnbiM (/s:c(8000) ~ —0.3 n rt:c(32000) ~ —0.1). Hpn k, > Kc 4)paK- 
Tajibna5i pasMcpnocTb 6jin3Ka k pfiyu b cooTBCTCTBnn c npe/],nojio>KenneM o tom, 
HTO anajiornnno ncTbipexMcpnoMy cjiynaro mm nMCCM j\ejio c 4)a30H BeTB5ini,nx- 
C5i nojinMcpoB. JJ^jisi k < Kc '2^(8000) ~ 3.2 n 'D(32000) ~ 4. 3to naxo/],nTC5i 
B cooTBCTCTBnn c o>Knflann5iMn, hto STa 4)a3a nMCCT cnnryjiapnyK) npnpo^y 
n cooTBCTCTByeT 'D(oo) = oo. flajiee mm 6yfleM nasbmaTb yKasannbie 4)a3bi 
cooTBCTCTBcnno xaoTnnecKOH 4)a30H n 4)a30H BeTB5ini,nxc5i nojinMcpoB. 

4. JlnnennbiH pa3Mep cncTCMbi MO>Kno on;ennTb KaK . TaKnM o6pa30M, mm 
o>Kn/],aeM, hto b xaoTnnecKon (^ase ^naMCTp (i ~ 10 b to BpeM5i, KaK b c^ase 
BeTB5im,nxc5i nojinMcpoB d ~ 100. 9Tn owmp^anw naxofl5iTC5i b cooTBCTCTBnn 
c npHMMM n3MepenneM ^naMCTpa, a TaK>Ke nnoro napaMCTpa, na3biBaeMoro 
jinnennoe pacmnpenne (linear extent, cm. [IB]). Jlnnennoe pacmnpenne jC onpe- 
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flejiHeTC5i KaK cpe^nee paccTOHHHe ueyKjij flByiviH CHMnjieKcaiviH TpHaHryji5in,HH: 

C = ^T.<P{u,v)> (9.10) 

V u,v 

Ho nocTpoeHHK) C ^oji^kho 6biTb 6jih3ko k nojiOBHHe /],HaMeTpa. B HaniHx h3- 
MepeHHHx Mbi BbiHHCJij^eM jiHHeHHoe pacniHpeHHe, Hcnojibsysi necKOJibKO HHoe 
onpeflejieHHe (KOTopoe, tgm ne ivienee, flOJi>KHO npHBOflHTb k TOMy >Ke peayjib- 
TaTy nocjie ycpe/],HeHH5i no H3MepeHH5iM). A HMeHHO, mbi BBiHHCji5ieM 

i^{s) = Y,T.< P{s,v) >=^J:R{Vr{s) - (9.11) 

V V V ji 

Bhiuojiniiii ycpeflHeHHG no nsMepennsiM, mbi nojiynaeivi Tpe6yeMoe snanenne 
cpe^nero jinneiinoro pacmnpennsi. Ham pesyjiBTaT ^jih jC npe^CTaBjien na pnc. 
19. 3[ Mo>Kno yBHfleTB, hto jinnennBiii pasMep Mnoroo6pa3H5i 6bictpo yBejinnn- 
BaeTCH B (\)Q3e BeTB5ini,Hxc5i nojiHMepoB, b to BpeM5i, KaK B xaoTHnecKOH 4)a3e 
on 0CTaeTC5i nonxn nocToannBiM (n 6jih3khm k snanennro, nojiynennoiviy b 3, 4, 
n 5 - MepnBix MO^eji^^x [H]). Mbi nauijin, hto 4)jiyKTyan,nn jinnennoro pacmn- 
penn5i nonxn OTcyTCTByiOT b xaoTiinecKoii c^ase n nopsi^Ka cpe^nero pasiviepa 
Mnoroo6pa3n5i - b (^ase BeTB5nii,Hxc5i nojiniviepoB. 

9.3 06cy:»c/],eHHe 

HccjieflOBanne 5 - Mepnoii MO^ejin (cm. |43]) yKasbmaeT na to, hto ona nMeeT 
ycjio>Knennyio 4)a30Byio CTpyKTypy. A nMenno, npn < ~5 noHBjiHiOT- 

C5I necKOJiBKO pasjinnnBix BaKyyMOB. H cncTeMa MO>KeT TynejiJinpoBaTB Me>Kfly 
nnMn. B nameM nccjie/],OBannn 10 - Mepnoii Mop^ejin mbi orpannnnBaeMC5i o6jia- 
CTBK) Kg G (—0.1, 0.1), r^e na6jiio;i,aeTC5i 4)a30BBiH nepexo/i, Me>K^y xaoTnnecKon 
(J^asoH n 4)a30H BeTB5iiii,Hxc5i nojiHMepoB. OflnaKO, HMe5i b Bn^y yKasannoe cboh- 
CTBO 5D MepnoH MO^ejin, mbi o>KHflaeM, hto 4)a30Ba5i CTpyKTypa paccMaTpnBa- 
eMOH Mo;i,ejin, B03MO>Kno, ne orpannnena na6jiiOflaeMBiMH naMH flByMH (|)a3aMn. 

TaK>Ke 0CTajiC5i nenccjie^OBannBiM naMn Bonpoc o po/i,e na6jiio/i,aeMoro 4)a30- 
Boro nepexofla. Xot5i mbi nMeeM psifl yKa3annH na to, hto sto nepexofl nepBoro 
pofla, OKonnaTejiBnoro BBiBO/i,a na ocnoBannn nojiynennBix /i,annBix mbi ne mo- 
>KeM cflejiaTB. 
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Phc. 9.3: JlnneHHoe pacmnpeHHe. ^aHHbie fljia V — 8000 npeflCTaBjienbi TOHKaMH h nenpe- 
pbiBHoii jiHHHeii. ^aHHtie fljia V — 32000 npeflCTaBjieHbi KpyraMH h nyHKTHpHoii jiHHHeii. 
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OTflejIbHbIM H BaJKHbIM BOnpOCOM 5IBJI5ieTC5I pOJIb fleftCTBHH B MOflejIH fl^H- 

HaMHHecKHx TpHaHryji5iii,HH. KaK y>Ke OTMeHajiocb b npe/],bi/],ymeH rjiabe, Han- 
6ojiee peajiHCTHHHbiM BapnaHTOM fleftcTBHsi 5iBji5ieTC5i fleftcTBHe KBaflpaTHHHoe 

no KpHBHSHG. 0/],HaKO, B MO/],ejIH OHO He MO>KeT B HpHHH,HHe HpHMeHOTbCH. 

^ejio B TOM, HTO HCHOJibsyeMoe KycoHHO - jiHHeftHoe HpocTpaHCTBO Bcer/],a HMe- 
eT CHHryji5ipHyK) KpHBHsny. B OTjiHHHe ot MO^ejiH Pe^^Ke flHCKpeTH3ai],HH ne 
cymecTByeT cnoco6a npe^CTaBHTb njiocKoe npocTpancTBO b BH^e HcnojibsyeMO- 
ro KycoHHO - jiHHeiiHoro npocTpancTBa (ncKjiiOHeHHe cocTaBji^^eT flByMepHbiii 
cjiyHafi). riosTOMy BbiHHCJi5ieMa5i b MO^ejiH KpHBHsna, CTporo roBopsi, ne 
HMeeT 4)H3HHecKoro CMbicjia. KpHBHsna npH6jiH>KaeMoro nocpe^CTBOM Ph- 
ManoBa MHoroo6pa3H5i MO>KeT 6biTb nojiynena TOJibKO nocpeflCTBOM neKOToporo 
ycpeflHeHHH no ^ocTaTonno GojibmoMy KOJinnecTBy cnivinjieKCOB. BnponeM, nn- 
Terpaji ot KpnBnsnbi, npe/],CTaBji5noni,HH flencTBne SnnniTenna, no Bn^HMOMy, 
HMeeT CMbicji, nocKOJibKy OKasbmaeTCsi nponopn,HOHajibHbiM rjio6ajibnoH xapaK- 
TepncTHKe MnorooGpasnsi (nojinoe nncjio cnMnjieKCOB pasnon pasMepnocTn) n 
noTOMy ne saBncnT ot yKasannon npon,e/],ypbi ycpe^nennsi. Hjienbi, KBa/],pa- 
Tnnnbie no KpnBnsne, TaxnM oGpasoM TpaKTOBaTbCH ne MoryT. ^encTBne Snn- 
niTenna neorpannneno cnnsy. HosTOMy b saBHCHMOCTn ot snaxa 34)4)eKTnBnoH 
rpaBnTan,HonnoH nocTOHnnoii 6yflyT /],OMnnnpoBaTb CTpyKTypbi c 6ojibmoH ot- 
pHn,aTejibnoH hjih 6ojibmoH nojio^KnTejibnoii KpnBHsnon, hto mbi n na6jnoflaeM. 
HocKOJibKy jiOKajibnoe flencTBne, flejiaK)ni,ee MO^ejib peajincTnnnon, ne MO>KeT 
6biTb B npnnn,nne BBe/],eno b MO^ejib ^T, ocoSyio pojib b neii nrpaeT snTponnn- 
nbiH 4)aKTop. 3to n no3BOJi5ieT naM npoBO/],nTb anajiornio Mempj noflxoflOM 
n noflxoflOM, TpaKTyK)m,nM rpaBHTan,HK) KaK snTponnnnyro cnjiy [39]. 
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MacTb IV 



Bo3Mo:acHbie nyxn nocxpoeHHa MO^ejieii 
HOBoii 4)ii3iiKii Ha MacmxaSe TsB 
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B SToii nacTH mm paccMaTpHsaeM noflxoflbi k nocTpoeHHio MOflejieii hoboh 
4)H3HKe Ha MacmTa6e TsB. B p^ec^ToPi rjiase paccMaTpHBaiOTca uop^ejin Majio- 
ro o6T3eflHHeHH5i. Hccjie^yiOTCii no5iBji5iiomHec5i MOHonojiH h CB5i3Q.nna.5i c hhmh 
flonojiHHTejibHaH CHMMeTpHH CTaHflapTHoi! Mo^ejiH [Zq^ Z3, hjih Z2). B o^hh- 
HaflD;aToii rjiane flejiaeTCH nonbiTKa npoflOJiJKHTb CHMMeTpnio CTanflapTHoft 
MoflejiH Ha MOflejiH TexHHLi;BeTa. HoKasaHO, hto jinnib neMHorHe H3 paccMOT- 
peHHbix MOflejieii flonycKaiOT xaKoe npo;];oji5KeHHe. B ;];BeHaflLi;aTOH rjiabe npe^- 
jiaraeTC5i saivreHHTb rpynny TexHHi];BeTa rpynnoft Jlopenu^a.. HccjieflyeTC5i bo3- 
MO>KHOCTb flHHaMHHecKoro HapymeHH5i 3jieKTpocjia6oH cHMMeTpHH 6jiarofla- 
pa HapymeHHK) KHpajibHoii HHBapHaHTHOCTH b KajinSpoBOHHoii TeopHH rpynnbi 
JIopeHLi;a. ITpii 9tom OKasbmaeTCii bosmo^khbim c jierKOCTbio npH^aTb peajiH- 
CTH^ecKHe SHaneHHii MaccaM 4)epMH0H0B CTaHflapTHoft Mo^ejiH, b otjih^hg ot 
MOflejieft TexHHD;BeTa, r^e npHxoflHTCii bboahtb flonojiHUTejiBHoe KajiH6poBOH- 
Hoe nojie PacniHpeHHoro TexHHD;BeTa. 
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FjiaBa 10 

Majioe o6T»e/],HHeHiie na MacmTa6e TaB h 
Z(q CHMMeTpna CTaH^apTHoii Mo^ejiii 

B 3T0H rjiaBe mbi o6cy>KflaeM bosmo^khoctb Ha6jiK)/],eHHH Zq CHMMeTpHH CTan- 
flapTHOH MoflejiH. Ilofl Zq CHMMeTpHeii CTaHflapTHoft Mo^ejiH mbi noHHMaeM 
TOT 4)aKT, HTO ee (JiepMHOHKbiii ceKTop ycTpoen Tax, hto KajiH6poBOHHa5i rpyn- 
na MOJKGT 6bitb onpeflejiena b SU{3) x SU{2) x U{1)/Z {Z = Zq, Z3 
or Z2) BMGCTO o6biHHOH SU{3) X SU{2) X U{1). Hpn stom TeopHH c pasjiHH- 

HblMH 4)aKT0paMH Z H/],eHTHHHbI Ha ypOBHe TeopHH B03Myn],eHHH. HaMH BBI- 

CKasBiBajiocB HpeflHOJio>KeHHe, hto HenepTyp6aTHBHBie 34)4)eKTBi MoryT npn- 
BecTH K pasjiHHHOH flHHaMHKe 3THX MOflejieH B HeKOTopoH oGjiacTH sneprHH. 
OflHaKO, HHCjieHHbie pemeTOHHBie HCCJieflOBanHsi noKasajiH, hto sto hg Tax (cm. 

HaCTb II). B 06jiaCTH 4)H3HHeCKHX SnaHeHHH KOHCTaHT CB5I3H MOflejIH C paSHblMH 

4)aKTopaMH Z HepasjiHHHMbi npH sneprwx MHoro MeHbniHx yjibTpa4)H0JieT0- 
Boro o6pe3aHH5i. CHTyaii,H5i, oflnaKO, cymecTBeHHO MeH5ieTC5i npn noBbimeHHH 
niKajibi SHeprHH. A HMeHHO, ecjiH npeflnojio>KHTb, hto o6T.eflHHeHHe BsanMO- 
fleiicTBHH npoHCxoflHT Ha niKajie TsB (TaK nasbiBaeMoe Majioe o6T.e/],HHeHHe 
P, [7]), TO HapyniGHHe CHMMeTpHH G oGte^HHeHHOH MOflejiH npoHcxo/],HT no 
cxeMe G — > SU (3) x SU (2) x U {!)/ Z. Ilpn stom pasHbie Mo^ejin o6T.eflHHeHH5i 
npHBOflj^T K pasHbiM 4)aKTopaM Z. B cboio onepeflb, sth 4)aKTopbi cymecTBeH- 
Ho BjiH5iK)T Ha CBOHCTBa MOHonojibHbix cocTOHHHH o6T.eflHHeHHbix MO)\emVi. 3th 
MOHonojibHbie COCT05IHH5I HMGiOT Maccbi HopsflKa 40 TsB H HecyT paSJIHHHbie 
MarHHTHbie sapsi^bi. HH>Ke mm BbmcH5ieM KaKHe cxeMbi napymeHHsi CHMMeT- 
pHH HMCiOT MecTO flji5i pasjiHHHbix MOflCJieH Majioro o6T>eflHHeHH5i (MO, Petite 
Unification) n KaKOBbi b 3thx MO^eji^^x CBOiicTBa MononojibHbix pemennH. Ilpn 
3T0M paccMaTpHBaiOTCH Tpn pasjiHHHbix MOf\ejm MO. 
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10.1 ^onojiHHTGjibHaa Zq CHMMexpHa b CTaH/],apTHOH mo- 
^ejiH 



HsBecTHO, HTO cnoHTaHHOG HapyniGHHe SU (5) CHMMeTpHH B M0fleji5ix Bojibinoro 
o6T>eflHHeHiM Be/],eT k BOSHHKHOBeHHio KajiH6poBOHHOH rpynnbi CTaH/],apTHOH 
MoflejiH SU{?>) X SU{2) x U{1)/Zq BMecTO npHBbiHHoft 5^7(3) x SU{2) x U{1) 
(cm., HanpHMep, [20]). 0/],HaKO, yKasaHHbiH Zq 4)aKTop ne ecTb cbohctbo oj\- 
Horo jiHinb SU (5) oS'beflHHeHHsi. HH>Ke mm noKa>KeM, hto flonojiHHTejibHaH 

CHMMeTpHH npHCyTCTByCT B CTaHflapTHOH MoflCJIH BHC BC5IK0H CBH3H C KaKOH 

- jih6o MOflCJibK) oSteflHHeHHH. H caMa CTpyKTypa SU (5) oSTjeflHHeHHH bos- 
MO>KHa TOJibKO 6jiaroflap5i HajiHHHio stoh flonojiHHTejibHOH chmmctphh. Hpn 

3T0M, B006me rOBOp5I, MOflCJIH o6T5e/],HHeHH5I MoryT KaK co/],ep>KaTb TaK H He 

co/],ep>KaTb 3Ty chmmctphk), hto 6y/],eT o6cy>KflaTbC5i ^ajiee. Hhjkc hphbo^htcsi 
oGiaHCHeHHe Toro, hto Taxoe STa /],0H0JiHHTejibHa5i chmmctphsi. 

^jia jno6oro (nesaMKHyToro) nyTH C mm MO>KeM BbiHHCJiHTb sjieMCHTapHbie 
onepaTopbi napajiJiejibHoro Hepenoca 



SfleCb C, A, H B - 3T0 COOTBCTCTBeHHO SU{3), SU{2), H U{1) KajIH6pOBOHHbie 

U0J151 CTaHflapTHoii Mo^ejiH. 

OnepaTopbi napajiJiejibHoro nepenoca, cooTBCTCTByioiuHe KayKflpuy h3 (\)ep- 
MHOHOB CTaH/],apTHOH MoflCJiH (h nojiK) Xnrrca) sto HCKHe npoHSBCflenHH yxa- 
saHHMx Bbime sjieMCHTapHbix onepaTopoB napajiJiejibHoro nepenoca. Mo>kho 
jierKO ycTanoBHTb, hto onepaTopbi napajiJiejibHoro nepenoca b CTan/],apTnoH 
MoflCJin BCTpenaiOTC5i tojibko b KOM6Hnan,n5ix yKasannbix b Ta6jiHn,e 110. 1[ 

5Icno, HTO ece nepenncjiennbie K0M6nnan,nn nnBapnanTnbi OTnocnTCJibno 
cjie/],yK)n],nx Zq npeoSpasoBannn: 




(10.1) 



u 



Ue 
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i/ J.Vj J_>JJJ.Vj i/ J.Vj J. J. _L J. J.JJJ. 




iipaBbie jieriTOHM 




JieBbie KBapKH 




nnaRKTP d, ^ ta h - KRanKpr 


ref^ 


npaBbie u, c, n t - KBapKH 




Xnrrc 



Ta6jiHij,a 10.1: KoM6HHaiJ,HH onepaTopoB napajiJiejiBHoro nepenoca, BCTpenaromHeca b Cxan- 
^apTHOH MoflejiH. 

r^e - npoHSBOJibHoe ii,ejioe hhcjio. 9Ta CHMMeTpH5i no3BOJi5ieT onpeflejiHTb 
CTaHflapTHyK) Mo^ejib c KajiH6poBOHHOH rpynnoft SU{3) x SU{2) x U{l)/Z 
[Z = Ze, Z-i HjiH Z2) BMecTO o6bmHOH 5^7(3) x SU{2) x [/(I). 

To, HTO CTaHflapTHaa Mo^ejib MO>KeT HivieTb KajiH6poBOHHyK) rpynny 
5'[/(3) X SU{2) X ?7(1)/Z6 BHflHO hs CTpyKTypbi SU{5) Mo^ejiH oST^eflHHeHHH 
PP] . OnepaTop napajiJiejibHoro nepenoca b SU (5) TeopHH npn hhskhx sneprHHx 

HMeeT BHfl 

r^e r, [/, H e*^ - sjieivieHTapHbie onepaTopbi napajijiejibHoro nepenoca CTan- 

flapTHOH MoflCJIH, BBeflCHKbie Bbime. (110.31 ) OHeBH^HblM 06pa30M HHBapHaHT- 

Ho OTHOCHTCjibHO (110.21) . HTO osHaHacT TO, HTO KaTpHHa CHOHTaHHoro Hapy- 
meHH5i CHMMCTpHH SU{5) ^ SU{3) X S'[/(2) X t/(l)/Z6, a ne ^[/(S) ^ 
SU{3) X SU{2) X ?7(1). JlerKO noHHTb, hto hmchho najiHHHe b CTaHflapTHoft 
MoflCJiH CHMMCTpHH (110.21) H no3BOJi5ieT pacnojio>KHTb 4)epMH0HbI CTaHflapT- 
HOH Mo/],ejiH B flByx MyjibTHnjiGTax SU (5) o6i3ej\RnenR5i (4)yH/],aMeHTajibH0M h 

aHTHCHMMeTpHHHOM /],ByXHH/],eKCHOM) . 

51cH0, HTO 6jiaroflap5i HajiHHHio yKasanHoft Bbime flonojiHHTejibHoii chmmct- 
pHH KajiH6poBOHHOH rpynnoH CTaH;],apTHOH Mo^ejiH mo^kct 6biTb TaK>Ke h 
SU{3) X SU{2) X U{l)/Z cZ = Z6, hjih Z2. 

10.2 Bo3Mo:»cHOCTb oSi^e^HHeHHa BsaHMO^efiCTBHH Ha 
LQKajie TsB. MoHonojiH b MO/i,eji5ix o6t>e/],HHeHH5i. 

HayHHoe coo6mecTBO oyKuj^aeT noHBjieHHH hoboh 4)H3hkh na niKajie TsB, flo- 
CTynHOH BojibinoMy A^poHHOMy Kojuiaiiflepy (BAK). To ecTb npe^nojiaraiOT, 
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HTO Ha 3T0H HiKajie SHeprHH CTaHflapTHaa Mo^ejib 6ojiee ne b coctosihhh ohh- 
CbmaTb fleftcTBHTejibHOCTb. H na ee MecTO /],oji>KHa npH^TH neKaa flpyrasi mo- 
flejib, co/],ep>Kaina5i CTaHflapTHyio Mo^ejib b Ka^ecTBe HHSKOsneprHTHHecKoro 
npH6jiH>KeHHH. OcHOBHoii npHHHHOii, no6y>K/],aK)meH ^yiviaTb TaKHM o6pa30M, 
HBjiHeTCH npo6jieMa nepapxHH b CTaH^apTHOH Mo^ejiH [21I3], saKjiioHaioinaHCH 
B TOM, HTO MaccoBbiH HjiGH U0J151 Xnrrca nojiy^aeT nojio>KHTejibHyio KBa^pa- 
THHHO pacxofl5iinyK)C5i nonpaBKy b TeopHH BOSMymeHHH. HosTOMy p^jiii Toro, 
HTo6bi nojiyHHTb nepeHopMHpoBaHHoe SHaneHHe OTpHii,aTejibHbiM h KoneH- 

HblM Heo6xOflHMO, HTo6bI SaTpaBOHHOe SHaHGHHe 6bIJI0 OTpHII,aTejIbHbIM H 

no nop5iflKy BejiHHHHbi paBHbiM KBa^paTy yjibTpa4)HOJieTOBoro o6pe3aHHJ5 A^. 

ripH 3T0M flOJI>KHa HMeTb MGCTO TOHKaSI HOflCTpOHKa (fine tuning) 3THX flByx 

napaMeTpoB. Taxaa Tonxasi no^CTpoHKa CHHTaeTC5i neecTecTBenHOH. HosTOiviy 
TaK nasbiBaeMoe TpeGoBanne ecTecTBeHHOCTH (naturalness) npHBO^HT k TOMy, 
HTO Hy>KHO noTpe6oBaTb, htoGm nonpaBKa k m^, nponopn,HOHajibHa5i A^, ne 
npeBbimajia nepenopMnpoBaHHoe snaHeHHe m? 6ojiee, HeM b 10 pas. Hs SToro 

Tpe60BaHIM BblBOflHM A ~ 1 TsB. 

TaKHM o6pa30M, HH>Ke Mbi npe^nojiaraeM, hto CTaHflapTHa5i Mo^ejib pa6o- 
TaeT flo niKajibi b 1 TsB, a Bbime pa6oTaeT (neHSBecTHasi noKa) noBasi Teopna. 
3to osna^aeT, hto b npocTpancTBe MoryT cymecTBOBaTb o6jiacTH pasMepaMH 
nop5iflKa lTev~^, r^e uoji^i CTaH;],apTHOH Mo^ejin ne onpe/],ejieHbi. 3th o6- 
jiacTH MoryT Hpe/],CTaBjiHTb Tonenubie hjih CTpyHonofloSnbie o6T.eKTbi. B pe- 
syjibTaTe mm Bbmy^Kflenbi paccMaTpnBaTb Tonojiornio CTaHflapTHoii Mo^ejin 

B npOCTpaHCTBeHHO - BpeMeHHOM MH0r006pa3HH A4 C HeTpHBHajIbHOH 7r2(A^) 
H (hjih) 7ri(A^). HH>Ke 06T.5ICH5ieTC5I, HTO TaKHe 06T.eKTbI MOryT H05IBHTbC5I c 

MaccaMH HopHflKa 40 TsB. 

K HacT05im,eMy MOMeHTy HccjieflOBajiocb uecKOJibKO KapTHH o6T.eflHHeHH5i 
BsaHMOfleftcTBHH Ha niKajie TsB. Cpe^H hhx OTMeTHM Tax nasbmaeMbie Mo^ejin 
Majioro Xnrrca (Little Higgs models) [4j, b KOTopbix SU{2) x U{1) noflrpyn- 
na BHeflpena b Gojibmyio rpynny, HacTb KOTopon CTanoBHTCsi KajinGpoBOHHoii. 
CooTBeTCTByK)n],a5i CHMMeTpnH Hapymena npn necKOJibKHx TsB. HeKOTopbie h3 

FojIflCTOyHOBCKHX 6o30HOB CTaHOB5ITC5I MaCCHBHblMH GjiarOflapH paflHan,HOHHbIM 

nonpaBKaM n nrpaiOT pojib uojiii Xnrrca b CTanflapTHon Mo^ejin. Tonojiorn- 
HecKne o6T.eKTbi, no5iBji5noru,Hec5i b sthx Mop^ejinx 6bijiH paccMOTpenbi b 
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BTopoH npHMep - sto t&k Hasbmaeivioe Majioe OSteflMHeHHe (MO) p, [7]. B 

COOTBeTCTByiOmHX MOpfiJlilX KajinGpOBOHHaH CHMMeTpH5I CTaH^apTHOH MoflejiH 

pacmHp5ieTC5i flo Sojibineii rpynnbi na MacmTa6e TsB. PesyjibTHpyioiuHe mo- 

flejIH HMeiOT flBe paSJIHHHbie KOHCTaHTbl CB5I3H, COOTBeTCTByiOmHe CHJIbHbIM H 

3jieKTpocjia6biM BsaHMO^eiicTBHsiM b OTjiHHHe OT Mo^ejieii Bojibinoro 06'hep;a- 
HeHHH (Grand Unified models), b KOTopbix ecTb TOJibKO oflna KOHCTanTa cbhsh 
H oS'beflHHeHHe flocTHraeTC^^ na niKajie 10^^ FsB. 

HaM ceiiHac ne Ba>KHO, Kaxasi KOHKpeTHO MO^ejib onncbmaeT 4)H3HKy TsB. 
E/],HHCTBeHHoe, HTO Mbi OT Hee noTpe6yeM - sto to, hto ee KajinSpoBOHHasi 
rpynna flocTaTOHHO BejiHKa (hto sto snaHHT, BCKope CTaneT eohotho). 

3a4)HKCHpyeM saMKnyTyio noBepxnocTb S b 4 - MepnoM npocTpancTBe R^. 
JJ,Ji5i JiK)6oH saMKHyTOH neTjiH C, KOTopasi o6opaHHBaeTC5i BOKpyr stoh no- 
BepxHOCTH, Mbi MO>KeM BbiHHCJiHTb neTjiH BnjibcoHa r = Pexp(i JcC^dx^)^ 
U = P exp{i Jc A^^dx^), h e*^ = exp{i Jc B^^dx^^), r^e C, A, r B - coot- 
BeTCTBeHHO 5'[/(3), SU{2) h ?7(1) KajiH6poBOHHbie noji5i CTaHflapTHoft Mo- 
flejiH. B o6biHHOH peajiH3an,HH CTaH/],apTHOH Mo^ejiH, Korp^a ee KajinSpoBOH- 
Ha5i rpynna - SU{3) x SU{2) x ?7(1), Taxne neTjin Bnjibcona /],oji>Knbi CTpe- 
MHTbCH K eflHnHn,e, Kor^a fljinna C CTpeMHTC5i k nyjno (|C| — > 0). O^naKO, 
B SU{3) X SU{2) X U{l)/Z KajinGpoBonnoH Teopnn paspemenbi cjieflyK)m,ne 
snanenna neTejib Bnjibcona npn \C\ — > 0: 



lvr27Ti 
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F = Pexp(zj^CTx^) = e 
[/ = FexpiiJ^A^dx^") = e 
e*^ = exp(^j^5W) = e^'^\ (10.4) 

r^e iV = 0,1,2,3,4,5 aji5i Z = Zg, iV = 0, 2, 4 aji5i Z = Z3, h iV = 0,3 
fljiH Z = Z2. Tor^a nonepxnocTb S MO>KeT necTn Z2 noTOK 7r[A^mod2] p^jiii 

■-7 ry ry r\ ry 27r[iVmod3l ^ ry ry 

Z, = Z2, Z/g. Una TaK>Ke MO>KeT necTn Z3 noTOK — ■ — ^ Z = ^3,^5. 

JlK)6a5i Kon4)nrypan;n5i c cnnryjiapnocTbio Tnna (il0.4l ) MO>KeT 6biTb ycTpane- 
na cnnryjiapnbiM Kajin6poBonnbiM npeoSpasonanneM. IIoBTOMy ee no5iBjienne b 
Teopnn c Kajin6poBonnoH rpynnoii SU{3) x SU{2) xU{l)/Z ne MO>KeT noBjin- 
5iTh na /],nnaMnKy. O^naKO, ecjin nonepxnocTb nivieeT rpannn,y, Kon4)nrypan,n5i 
CTanoBnTC5i neTpnnnajibnoii. 

PaccMOTpnM nesaMKnyTyio nonepxnocTb S. Majiasi OKpecTnocTb ee rpann- 
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ii,bi U{dT,) npeflCTasjiHeT TOHGHHoe cojiHTOHHoe cocTOHHHe oSte^HHeHHOH mo- 
flejiH. 3to osHanaeT, hto no CTanflapTHOH MoflejiH onpe^ejieHbi Bes^e, Kpoivie 
U{dT,). PaccMOTpHM TaKHe K0H4)Hrypaii,HH, hto na GecKoneHHO MajiOM KOHType 
C (naMaTbiBaiomeMCsi BOKpyr E) yKasaHHbie Bbime neTjiH BHjibcoHa Bbipa>Ka- 
K)TC5i KaK B (110.41) ■ JJ^jiii N ^ HeB03M0>KH0 pacnpocTpaHHTb onpe;],ejieHHe 
TaKHx nojieii na U{dTi). O^HaKO, sto mo^kct 6biTb bo3mo>kho BHyTpn oG'hep^K- 
HeHHoft MOflejiH ecjiH KajiH6poBOHHa5i rpynna CTaHflapTHoft Mo^ejiH SU{3) x 
SU{2) X U{l)/Z norpy>KeHa b oflHOCBHSHyio rpynny Ti. 3to cjie^yeT neMe/i,- 
jieHHO H3 Toro, HTO jiK)6a5i 3aMKHyTa5i uQTjiii B TaKoii MO>KeT 6biTb Henpe- 

pblBHblM 06pa30M flecJiOpMHpOBaHa B eflHHHLl,y. B fleftCTBHeTJIbHOCTH, B TaKOH 

n HMeeM n2in/[SU{3) X SU{2) x U{l)/Z]) = 7ri{SU{3) x SU{2) x U{l)/Z). 
3to 03HaHaeT, hto b TaKofi oGiaeflHHeHHOH Mo^ejiH MOHonojibHbie coctohhhh ^o- 
nycTHMbi. KoH4)Hrypaij,HH c ( llU.4i ) h 7^ npe^CTaBjiHiOT 4)yHflaMeHTajibHbie 
MOHonojiH B oGiaeflHHeHHOH MOflejiH. TaKHe K0H4)Hrypaii,HH pacciviaTpHBajiHCb 
[2D], HanpHMep, b MO^ejiH SU{5) oG^he^aneniiii. OflnaKO, b [20] npe^nojiara- 

JlOCb, HTO TaKHe COJIHTOHHbie COCT05IHH5I MOryT H05IBHTbC5I C MaCCaMH H0p5I/],Ka 

niKajibi Bojibmoro OSte^HHeHHii (10^^ FsB). B Hameivi cjiy^ae HoaBjieHne TaKHx 
o6T.eKTOB o>KH;];aeTC5i y>Ke npn SHeprnax nopa^Ka 40 TsB, KaK sto 6yfleT 0613- 
HCHeno HH>Ke. ^pyrne mohohojih MoryT 6biTb nocTpoenbi h3 4)yHflaMeHTajibHbix 
KaK H3 sjieMeHTapHbix 6jiokob. B o6T.eflHHeHHOH MOflejiH, KOTopasi HapymaeTC5i 
flo CTaH/],apTHOH MoflejiH c KajiH6poBOHHOH rpynnoH 5*^7(3) x SU{2) x U{1) 
TaKHe K0H4)Hrypaii,HH c < 6 no5iBHTbC5i He MoryT. 

06T>e/],HHeHHa5i MO^ejib, KOTopasi napymaeTC^^ flo CTanflapTHOH Mo^ejiH 
c rpyHHOH SU{3) x SU{2) x ?7(1) TaK>Ke coflep>KHT mohohojih HOCKOJibKy 
7T2in/[SU{3) X S'[/(2) X [/(I)]) = TTi{SU{3) X 5^/(2) x U{1)) = Z. Ohh coot- 
BeTCTByroT ^HpaKOBCKoii CTpyne c Jc B^dx^ = QtiK^ K E Z r OTjinnaroTCsi ot 

MOHOnOJieH CTaHflapTHOH Mo^ejIH C flOHOJIHHTejIbHOfi /],HCKpeTHOH CHMMeTpneH 

MarHHTHbiM HOTOKOM U {1) U0J151 rHHep3ap5ifla. 

Cjie^yeT OTivieTHTb, hto b CTaH/],apTHOH Mo^ejiH TaK>Ke cyni,ecTByK)T h Apy- 
rne MOHonojienoflo6Hbie coctoj^hhj^. 3to TaK Ha3biBaeMbie MOHonojiH HaM6y, 
noflpoSHO H3yHaBmHec5i HaMH b nacTH II. Ohh cymecTBeHHO OTjinnaroTCsi ot 
MOHonojiefi, paccMaTpHBaeMbix b HacT05in],eH rjiaBe. npe>Kfle Bcero, ohh tho- 
jiOTHHecKH HecTa6HjibHbi. IlosTOMy MoryT HOHBHTbCH TOJibKO B BH^e napbi MO- 
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Honojib - aHTHMOHonojib, CBHsaHHOH Z - CTpyHoii. ^ajiee, ohh hmgiot Heii,ejibiH 
MarHHTHbiH sapHfl. 3jieKTpoMarHHTHoe nojie Bbipa>KaeTCH Hepes A u B cjiepj- 

lOIUHM 06pa30M (b COOTBGTCTByiOIHeH KajiH6poBKe) : 

^em = 25 -2smHw{A3 + B). (10.5) 
riojiHbiH rHnepsapHflOBbiH MarHHTHbiii hotok MOHonoji5i HaM6y paben Hyjiio. 

HoSTOMy 06bIHHbIH MarHHTHbiH HOTOK HpOHOpH,HOHajieH 47T SIB^ 6w ■ MOHOHO- 

jiH, paccMOTpeHHbie Bbime, hmgiot HeTpHBnajibHbiH rnnepsapsiflOBbiH hotok h 

06bIHHbIH MarHHTHbiH HOTOK, HpOHOpH,HOHajIbHbIH 27T . 

^pyroH THH MOHOHOJieii, paccMaTpHBabHiHHCsi B CTaH;i,apTHOH Mo^ejin - sto 
MOHOHOJib Xo - MeiicoHa [S]. Mohohojih SToro BH/i,a necyT rHHep3ap5i;],OBbiH 
HOTOK 27r H sjieKTpoMarHHTHbiH HOTOK 4:71. Ohh HMGJIH 6bl 6ecKOHeHHyio co6- 
CTBeHHyio sneprHK), ecjiH 6bi CTaH/i,apTHa5i Mo^ejib HMejia 6ecKOHeHHoe Yjib- 

Tpa4)H0JieT0B0e 06pe3aHHe. Hx CBOliCTBa H03B0JI5II0T H/],eHTH4)HH,HpOBaTb HX 
KaK MOHOHOJIH o6T.eflHHeHHOH MOflGJIH. 

HcHOJibsyii anajiorHK) c mohohoji5imh T'Xo4)Ta - HojiflKOBa [S], mm mojkgm 
OH,eHHTb Maccbi 4)yH;],aMeHTajibHbix MOHonojieft, necymnx HeTpHBHajibHbiii U{1) 
HOTOK KaK ~ 40 TsB, r/i,e A ~ 1 Tev - lUKajia HapyrueHHii chmmctphh, a 
a = - HOCT05iHHa5i TOHKOH CTpyKTypbi [a{Mz) ~ yIs) (cm., nanpHMep, [10], 
rj\e paccMaTpHBajiHCb mohohojih b p^jiii cjiynasi hpohsbojibhoh KOMnaKTHoii Ka- 
jiH6poBOHHOH rpyHHbi B HpeflGJie BoroMOJibHoro - Ilpacafla - SoMMepcJiejib^a 

(BPS limit). B COOTBeTCTBHH C ( 110.51 ) 06bIHHbIH MarHHTHbiH HOTOK 4)yHflaMeH- 

TajibHbix MOHOHOJieft paBGH 27tN. Ecjih 6bi CTaH^apTHaa Mo/i,ejib HMejia o6- 
Hi,eHpHH5iTyio 4)opMy KajiH6poBOHHOH rpyHHbi, Tor^a sth mohohojih MorjiH 6bi 

H05IBHTbC5I TOJIbKO C HpOHOpH,HOHajIbHbIM 6, a HX MarHHTHbiH HOTOK 6bIJI 6bl 

HpoHopH;HOHajieH 127r. Tenepb CTanoBHTCii 5icho, hto MarHHTHbiH hotok moho- 
HOJieii OKa3biBaeTC5i CBasan c pasjinnneM ueyKpj 4)aKTopaMH BBe/i,eHHbiMH 
Bbime. 

10.3 Mo/],ejiH Majioro 06i>e/],HHeHHa 

^JI5I HJIJIIOCTpaH,HH TOrO, KaK MO>KeT BOSHHKHyTb flOHOJIHHTejIbHaSI Z3, HJIH Z2 
CHMMeTpH5I CTaH^apTHOH MoflGJIH paCCMOTpHM MajIOe 06T.eflHHeHHe CHJIbHblX H 
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3jieKTpocjia6bix BsaHMOfleiicTBHH, o6cy>KflaeMoe, Hanpniviep, b p,[7]. B sthx pa- 
6oTax TpH B03M0>KH0CTH CKOHCTpyHpoBaTb o6T5eflHHeHHyK) TeopHK) Ha MacniTa- 
6e TsB 6bijiH Bbi^ejieHbi h3 Bcero MHO>KecTBa BOSMOJKHOCTeii. A HMeHHO, pac- 
CMOTpHM B Ka^ecTBe oS^be/^HHeHHOH rpynnbi npoH3Be/],eHHe SU (4) ps ii SU (N)^, 
r^e SU (4) ps oG'beflHHHeT jienTOHHoe hhcjio c ij,BeTOM KaK b Mo^ejiax HaTH - 
CajiaMa [IT]. B TeopHH ecTb ^Be nesaBHCHMbie KOHCTaHTbi cb5I3h ag h aw: co- 
OTBeTCTByiomHe flByM yKasannbiM rpynnaM. Tor^a, ecjiH mm noTpe6yeM, hto 
cnoHTaHHoe napymeHHe SU{4:)ps SU{N)^ npoHCxo^HT na niKajie TsB, mm 
npHxoflHM K TpeM bo3mo>khoct5im: PUTo(A^ = 2, A; = 4); PUTi(A^ = 2, A; = 
3); PUT2(A^ = 3, /c = 2). ^pyroft Bbi6op N r k ne MO>KeT o6ecneHHTb npneM- 
jieMMx SHaHeHHH KOHCTanT cbhsh Ha 3jieKTpocjia6oH niKajie. 

HaM 6yj\eT yfloGno npe^CTaBHTb KapTHHy HapymeHHH CHMMeTpHH b MO^ejiax 
PUTq, PUTi, PUT2 B TepMHHax neTjieBbix nepeMennbix F, [/, h ^, BbiHHCJieH- 
Hbix BfliDJih npoHSBOJibHoro saMKHyToro KOHTypa C. 

B MOflejiH PUT2 Ha 3JieKTpocjia6oH niKajie onepaTop napajijiejibHoro nepe- 
Hoca SU{4:) ps<S>SU (3)^, o6o3HaHaeMbiH il, Bj\ojih KOHTypa C Bbipa>KaeTC5i nepes 
F, [/, H 6 cjieflyiomHM oGpasoM: 
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Ms ( IIU.6I ) cjie^yeT, hto SHaneHHsi ( ilU.4l ) nexejib BajibcoHa F, U, h e*^ c 
= 0,3 G Z2 Be^yT k Q = 1. Hanp5i>KeHH0CTb SU{4:)ps *5't/(3)^ Ka- 
jinGpoBOHHoro uojisi Bbipa>KaeTC5i nepes Q, BbiHHCjieHHoro Bpfljih 6ecK0HeHH0 
Majioro KOHTypa. HosTOMy HHCToe KajiH6poBOHHoe HOJie b HHSKOsneprHTHHe- 

CKOM HpH6jIH>KeHHH (na 9jieKTp0CJia60H niKajie) HHBapHaHTHO OTHOCHTejIbHO 

flonojiHHTejibHoii Z2 CHMMeTpHH. 3to snaHHT, HTO B PUT2 KapTHHa Hapyme- 
HHH CHMMeTpHH - SU{4)ps SU{3)'^ SU{3) X SU{2) x U{l)/Z2, a ne 
SU{4:)ps (S) SU{3)^ SU{3) x SU{2) x U{1). HosTOMy mm o^KHflaeM bos- 

HHKHOBGHHSI B 3T0H o6T.eflHHeHHOH MOflejIH Z2 MOHOHOJieft C MaCCaMH HOpSIflKa 

40 * 3 = 120 TsB. 

3flecb MM HCHOJibsoBajiH SHaHeHHH 3jieKTpocjia6bix sapa^oB, BbinncjieHHoe 
B ^ flji5i Toro, HTo6bi HpeflCTaBHTb KapTHHy HapymeHH5i chmmctphh b 4)opMe, 
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yflo6HOH fljiH Hamero paccMOTpeHHH. Mo>kho Henocpe/],CTBeHHO npoBepHTb, hto 
sjieMGHT KajinGpoBOHHOH rpynnbi b 4)opMe ( 110.61 ) /^eiicTByeT cooTBeTCTByioinHM 
o6pa30M Ha 4)epMH0Hbi CTaH^apTHOH Mo^ejiH, pasMemenHbie bi npe^CTaBjie- 
HH5IX, nepeHHCJieHHbix b [6]. Ta >Ke npoBepxa MO>KeT 6biTb BbinojiHeHa TaK>Ke 
fljiH MOflejiGH PUTi and PUTq, paccMaTpHBaeivibix HH>Ke. 

B MoflejiH PUTi Ha 3jieKTpocjia6oH niKajie onepaTop napajiJiejibHoro nepe- 
Hoca flji5i uojisi SU (4) ps<S>SU (2)^ (oGosHaneH Q) b^ojib KOHTypa C Bbipa>KaeTC5i 
cjieflyiomHM o6pa30M: 
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5IcH0, HTO 3HaHeHH5i ( 110.41 ) neTejib BHjibcoHa F, t/, h e*^ c = 0, 2, 4 G Z3 
Be^yT K Q = 1. 3to snaHHT, hto b PUTi cxeivia HapymeHHsi - SU{4)ps 
SU{2f SU{3) X SU{2) X U{l)/Z3, a ne S'[/(4)p5 (g) S'[/(2)3 ^ 5^/(3) x 
SU (2) X t/(l). TaKHM o6pa30M, aoji^khbi cymecTBOBaTb MononojiH c MaccaMH 
nop5iflKa 40 * 2 = 80 TaB. 

B PUTq Ha 3jieKTpocjia6oH niKajie onepaTop napajijiejibnoro nepeHOca uojisi 
SU{4:)ps SU{2Y (TaK>Ke oGosHaHen Q) B/],ojib KOHTypa C Bbipa>KaeTC5i Hepes 
F, t/, H 9 cjie^yioinHM o6pa30M: 



^ /Pef \ /e^^ \ /e^^ \ , , 

51cH0, HTO B PUTo KapTHHa HapymeHH5i - SU{4:)ps ® SU{2Y SU{?>) x 
SU{2) X U{l)/Zi, a He SU{A)ps ® SU{2Y SU{3) x SU{2) x U{1). TaKHM 
o6pa30M, B 3T0H MOfl^QjiR TaK>Ke flOJi>KHbi cyni,ecTBOBaTb Z3 MOHOHOJiH c MaccaMH 
Hop5iflKa 80 TsB. Sflecb cjie^ycT OTMCTHTb, hto, ho Bceft bcpohthocth, PUTq 
HCKjuoHCHa HO BcpoHTHOCTH Hpon,ecca Kl — > /ie. 

10.4 BbiBO^bi 

TaKHM o6pa30M, mbi paccMOTpejiH oS'beflHHenHbie MO^ejiH, Hapymaromnecsi flo 
CTaHflapTHoii Mo^cjih na MacmTa6e TsB. Ms-sa HapymenHH B03HHKaK)T moho- 
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nojiH, HMeiomHe Maccbi nop^flKa 40 TsB. 3th oS^beKTbi MoryT OKasaTbca jier- 

HaHHIHMH TOnOJIOrHHeCKH CTa6HJIbHbIMH MarHHTHblMH MOHOnOJI5IMH. B npHHLI,H- 
ne, BO BpeM5I BblCOKOSHeprHTHHeCKHX CTOJIKHOBeHHH MOryT n05IBJI5ITbC5I MOHO- 

nojib - aHTHMOHonojibHbie napbi. PasMep MOHonojieii flOJi^Ken 6biTb nop5i/],Ka 1 
Tev~^ B TO BpeM5i, KaK THnHHHbiH pasMep oGteKTOB, cosflaBaeMbix bo Bpeusi 
CTOJIKHOBeHHH flOJi>KeH 6biTb B paftoHe 80 Tev^^ HosTOMy HOsiBjienne mohohojib 

- aHTHMOHOHOJIbHOH Hapbl flOJI>KHO 6bITb HOflaBJieHO OTHOHieHHeM 3THX flByX 

MacHiTaSoB. TeopeTHHecKoe paccMOTpenne poyKjienn^i napbi MOHOHOJib - anTH- 

MOHOHOJIb HBJI5ieTC5I HpoGjieMOH, flO CHX HOp He HOJiyHHBHieH peHieHHH p^&yKe J\J151 

MOHOHOJieii T'Xo4)Ta - HojisiKOBa (cm., nanpHMep, h ccbijikh BnyTpn 3toh 
pa6oTbi). riosTOMy mm hc mo^kcm s^ecb npeflCTaBHTb oi],eHKy cooTBCTCTByioine- 
ro ceneHHsi. Cjie^yeT TaK>Ke otmcthtb, hto nopor poyKp^enw TaKHx oSt-cktob 

He;],OCTH>KHM Ha BojIbHIOM AflpOHHOM KojIJiaHflCpe H MO>KeT 6bITb flOCTHrnyT 

TOJibKO Ha KOJiJiaiiflepax cjieflyK)m,ero HOKOJienHH. 

riosiBjieHHe yKasaHHbix mohohojich b panneH BcejieHHoii mojkct hmctb onpe- 

flejieHHbie CJiepfiTBW J\J151 KOCMOJIOrHH. B HaCTHOCTH, Mbl 0>KH/],aeM, HTO CHM- 
MeTpH5I 06T.eflHHeHH0H MOflCJIH MOJKGT B0CCTaH0BHTbC5I npH BblCOKHX TCMnCpa- 

Typax. Mbl o>KHflaeM, hto b paHHeft BcejieHHoft npn TCMnepaTypax, 6jih3khx 
K TCMnepaType cooTBCTCTByiomero nepexo^a, mohohojih, paccMaTpHBacMbie 
B HacT05imeH rjiaBC MoryT noHBjiHTbcsi b sjieMCHTapHbix npoLi,eccax c Gojibinoii 
Bepo5iTHOCTbio. HpH T > OHH MoryT OKa3aTbC5i CKOHflCHCHpoBaHbi nofloSno 
MOHonojiHM HaM6y npn TCMnepaType Bbime TCMnepaTypbi 3jieKTpocjia6oro 4)a- 
soBoro nepexofla (cm. rjiaBy 5). Cjie^yeT TaK>Ke otmcthtb, hto cymecTBycT psi/i, 

KOCMOJIOrmeCKHX MOflCJieft, B KOTOpblX HCKJIIOHeHO nOHBJieHHe MarHHTHblX MO- 
HOnOJieii C MaCCaMH, BblHHCJieHHblMH Bbime. B STHX MO^CJIJIX, COOTBCTCTBeHHO, 

HCKjiioHeHbi paccMOTpeHHbie HaMH Mo^ejiH Majioro 06T.e/],HHeHHH. 



10.5 Ily 6 jiHKaii,HH 



PesyjibTaTbi HacTOsimefi rjiabbi ony6jiHKOBaHbi b pa6oTax 

"The Observability of Z(6) symmetry in the standard model M. A. Zubkov. 
Phys.Lett.B649:91-94,2007,Erratum-ibid.B655: 91,2007, |hep-ph/0609029] 

"Monopoles, topology of the standard model, and unification of interactions 
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at TeV scale Mikhail A. Zubkov, PoS LAT2007:285,2007. 
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FjiaBa 11 



npoflOJi:aceHHe CHMMexpHii 
CTaHflapTHoii Mo^gjih na Teopmi 
TexHHii,BeTa 

B HacTOJ^meft rjiaBe mm paccMaTpHBaeM bosmojkhoctb npo/],oji>KHTb chm- 
MeTpHK) CTaHflapTHOH MoflejiH, o6cy>K/],aBmyK)C5i b rjiaBe 10, na Mo^ejiH Tex- 
HHn;BeTa. Bbi5icH5ieTC5i, hto cpe^H SU{N) MOflejieft BaftnGepra - CaccKHH^a h 
SU {N) MOflejieii Oapn - CaccKHH^a p^jisi N > 2 tojibko SU (4) MO^ejib Oapn - 
CaccKHHfla MO>KeT co/],ep>KaTb STy CHMMeTpnio. Mbi TaK>Ke pacciviaTpHBaeM mh- 
HHMajibHyio noHTH KOHcj^opMHyio MOflejib (Minimal Walking) c rpynoii SU{2)^ 

B KOTOpOii MO>KHO Bbl6paTb THHepSapSIflbl TaKHM oGpaSOM, HTO HMeeT MeCTO 

yKaaaHHaa ^onojiHHTejibHaa CHMMeTpHH. 
11.1 TexHHii,BeT 

KaK y>Ke OTMeHajiocb b rjiaBe 10, ecTb 0CH0BaHH5i nojiaraTb, hto npn SHeprn^^x, 
npeBbiniaiomiix 1 TsB, CTaH^apTHasi Mo^ejib nepecTaeT paGoTaTb. B cbok) ohg- 
pe^b, KX^ HMeeT xopomo onpeflejieHKbiii HenpepbiBHbiii npe^eji, hto sibejiocb 
npHHHHOH B03HHKHOBeHH5i pHfla MOflejieH, cxo>KHx c KX^, H HpeTeHflyiomHx Ha 
OHHcaHHe (|)H3HKH TsB. 3th MOflejiH HOJiyHHjiH nasBanne MOflejieii TexHHD,BeTa 
(23, [HI [15] • B HHx flo6aBji5ieTC5i HOBoe Hea6ejieB0 BsaHMOflencTBHe co niKajioii 
A^c' ~ 1 TsB, rj\e Atc - sto anajior Aqcd- 3to HOBoe BsaHMOfleHCTBiie no- 
jiyHHjio HasBaHHe TexHHii,BeT (TLI,). CooTBeTCTByiomHe HOBbie 4)epMH0Hbi na- 
SBaHbi TexKHcj^epMHOHaMH. 3jieKTpocjia6a5i KajiH6poBOHHa5i rpynna flencTByeT 
na TexHH(|)epMHOHbi. HosTOMy HapymeHne KHpajibHoii CHMMeTpnH b MO^ejin 
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TexHHn,BeTa Be^eT k HapymeHHio 3jieKTpocjia6oH CHMivieTpHH, hto ^aeT Maccbi 

TpeM H3 KajIHGpOBOHHblX 6o30HOB. OflHaKO, HHCTaH MOflejIb TY[ He B COCTOHHHH 

o6ecneHHTb oGi^iicneniie nosiBjienw Mace 4)epMH0H0B. 

JJ,ji5i Toro, HTo6bi /],aTb Maeebi 4)epMH0HaM oGbiHHO ppGaBjisieTCii HOBoe Ka- 
jinGpoBOHHoe nojie, HasbiBaeivioe paeniHpeHHbiM TexHHi],BeTOM (PTU,) [231 [26]. B 

STOii HOBOH KajIH6pOBOHHOH TeOpHH (JiepMHOHbl CTaH^apTHOH MoflejIH H TeXHH- 

4)epMH0Hbi BxoflHT B oflHO npe^eTaBjieHHe rpynnbi PTU,. 9to npHBO^HT k bo3- 
HHKHOBeHHK) nepexofla Mewipj hhmh h BOSHHKHOBeHHio BsaHMOflefteTBHsi 4)ep- 

MHOHOB CTaH/],apTHOH MoflejIH e KOH/],eHeaTOM TeXHH4)epMH0H0B. 3tO BSaHMO- 

flefieTBHe, b eBOio OHepe^b, o6eeneHHBaeT no5iBjieHHe Maee y 4)epMH0H0B CTan- 
flapTHOH MoflejiH. K eo>KajieHHK), nepBbie Mop^ejiR PTU, eTpa^ajiH ot npo6jieM 
e nepexoflaMH uempy 4)epMH0HaMH pasjiHHHoro apoMaxa, a TaK>Ke ot nepiDuy- 
eTHMO 6ojibmHx BKjiaflOB TexKHcj^epMHOHOB B 3jieKTpoejia6bie nojiHpH3aii,HOH- 
Hbie onepaTopbi. Bo3MO>KHbiH enoeo6 npeoflOJieHH5i 3thx Tpy/],HoeTeH CBsisan c 
noBefleHHeM KHpajibHbix KajiH6poBOHHbix TeopHH npH 6ojibmoM ^nejie 4)epMH0- 
HOB HjiH BbieniHx npe/],eTaBjieHHH KajinGpoBOHHOH rpynnbi, b KOTopbix onn 
paenojio>Kenbi. A nivienno, nonxn Koncj^opMnoe noBe/],enne MO^ejin Texnnn,BeTa 
no3BOJi5ieT no^aBHTb onaenbie nenTpajibHbie tokh, Menj5K)m,ne apoMaT (FCNC) 
H yivienbuiHTb BKjia/i, b S - napaiviexp (33, EI]. (Cjie^yeT OTMeTnTb, o^naKO, hto 
reHepan,H5i Maeebi t - KBapxa b sthx Mo^ejiax Bee eiii,e BbisbmaeT eepbesnbie 
Tpy/i,noeTn.) 

CymeeTByeT orpoMnoe KOJinneeTBO MO^ejien TexnHn,BeTa n MOflejieii PTL[. 
riosTOMy Ba>Kno nMeTb neKOTopbin npnnn,nn, KOTopbin nosBOJinji 6bi e^ejiaTb 
Bbi6op. HH>Ke Mbi npefljiaraeM b KaneeTBe TaKOBoro to, hto MO^ejib TexHHii,BeTa 
flOJi>Kna eoflep>KaTb b ee6e neKOTopoe eeTeeTseHHoe o6o6iii,eHHe Zq eHMMeTpnn 
CTanflapTHOH Mo/i,ejin. A HMenno, mbi npe^jiaraeM, KaK Zq eHMMeTpna mo^kct 
6biTb o6o6iii,ena na MOflejin TexnHii;BeTa. SaxeM mbi Tpe6yeM, nTo6bi MO^ejin 
Texnnn,BeTa y/i,OBjieTBop5ijin stoh enMMexpnn n naxo^HM, hto sto Tpe6oBanne 
npnBO/i,nT k eymeeTBennoMy orpannnennio na Bbi6op MO/i,ejin. KpoMe Toro, mm 
noKasbiBaeM, hto MO^ejib PTU, eoflep>KnT Mononojin, nbn eBoneTBa b ejiynae, 
eejiH flonojinnTejibna5i enMMexpnsi nMeeT MeeTO OTjinnaiOTe5i ot eBofieTB Mono- 
nojien b PTU,, Korp^a /],onojinHTejibnoH /],neKpeTnoH enMMexpnn neT. 
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11.2 npo/],oji:»ceHHe Zq CHMMexpHH na moj\ejim TexHHLi,Be- 
Ta 



Onpe^ejieHHe Zg CHMMeTpHH CTaH/],apTHOH MoflejiH 6bijio flano b npe/],bi/],ymeH 
rjiaBe. 3j\QCh mbi OTMeTHM jinnib, hto ona 5iBji5ieTC5i /],ocTaTOHHO orpaHHHHTejib- 
HOH. HanpHMep, Tpe6oBaHHe Toro, hto onepaTopbi napajiJiejibHoro nepeHOca, 
cooTBeTCTByiomHe 4)epMH0HaM Zq - CHMMeTpHHHbi, npHBOflHT K sanpeTy noHB- 
jieHH5i, CKa>KeM, jieBbix SU (2) fly6jieT0B c nyjieBbiM rHnep3ap5iflOM. 

ripHpofla 3T0H CHMMeTpHH CBHsaHa c D,eHTpaMH Z3 H Z2 rpynn SU{?>) h 
SU{2). 3Ta CHMMeTpHH CBHSbmacT n,eHTpbi SU{2) 11 SU{3) HO^rpyHH KajinG- 
poBOHHOH rpyHHbi. OcHOBbiBasicb Ha 3T0M, Mbi HpefljiaracM cjieflyiom,HH choco6 

HpOflOJIJKHTb 3Ty CHMMCTpHK) Ha MOflCJIH TU,. 

Mbi CB5i3biBaeM H,eHTp rpyHHbi TU, c H,eHTpaMH SU{3) h SU{2). HycTb 
SU (Ntc) - rpynna TU,. Tor/],a npeoGpasoBaHHe ( 110.21 ) o6o6iii,aeTC5i j\o 



3/],ecb G - 3T0 onepaTop napajijiejibHoro Hepenoca rpynnbi SU{Ntc)- OcTajib- 
Hbie HepeMCKHbie onpeflejienbi b 10.1. OnepaTopbi napajiJiejibHoro nepenoca, co- 

OTBeTCTByiOIII,He TeXHH(|)epMHOHaM, flOJI>KHbI 6bITb HKBapnaHTHbl OTHOCHTCJIbHO 

( 111.11) . CjieflycT OTMCTHTb, HTO pe3yjibTHpyioiii,a5i rpynna chmmctphh hc ecTb 
npoH3Be/],eHHe Zq h Z^^^. 

11.3 MHHHMajibHaa Mo^ejib TexHHLi,BeTa BaiiHGepra h 
CaccKHH^a 

PaccMOTpHM npocTeftmyio MOflCJib Til,, npefljio>KeHHyio b [H] (cm. TaK>Ke |23|). 

MoflCJIb COflep>KHT TeXKHcj^epMHOHbl 



U 



Ue 






(11.2) 
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rnnepsapsi/], y = jieBbix TexKHcj^epMHOHOB h y = ±1 p^ji^i npaBbix tgx- 
HH4)epMH0H0B. HnflfiKC tt cooTBeTCTByeT rpynne TU, SU{Ntc)- Mo^ejib HMeeT 
jiOKajibHyio SU{2)l KajiH6poBOHHyK) CHMMeTpnio h rjioGajibHyio SU{2)ji chm- 
MeTpHK). HapymeHHe KHpajibHoii CHMMeTpHH o6ecneHHBaeT napymeHHe 3jieK- 

Tp0CJia60H CHMMeTpHH H o6pa30BaHHe MaCCHBHblX W R Z 603OHOB. Mo>KHO 
TaK>Ke paCCMOTpeTb Njj 7^ 1 KOHHH TeXHH4)epMH0H0B. 

noTpe6yeM, HTo6bi onepaTopbi napajiJiejibHoro nepenoca, cooTBeTCTByioiuHe 

TeXHH(|)epMHOHaM 6bIJIH HHBapHaHTHbl OTHOCHTejIbHO ( 111. 11 ). 3t0 npHBO/],HT K 

cjie^yiomeMy ycjiOBHio: 

+ TTiV = 27r/c(iV), k{N) e Z (11.3) 

Ntc 

EflHHCTBeHHoe peniGHHe SToro ypaBHeHH5i - sto Ntc ~ 2,k{N) = A^. Ta- 
KHM o6pa30M Mbi saKjiioHaeM, HTO p^&nn&ii Mo^ejib HHBapnaHTHa OTHOCHTejibHO 
flonojiHHTejibHOH /],HCKpeTHOH CHMMCTpHH TOJibKO fl^jiii rpynHbi TIl^ SU{2). Co- 
0TBeTCTByK)m,a5i /],onojiHHTejibHaH CHMMeTpna - sto Zq. 

Cjie^yeT OTMCTHTb, hto BbipaBHHBaHne BaxyyMa (vacuum alignment) b 
SU (2) MOflCJiH Til, He HpHBOflHT K HpaBHjibHOMy HapymcHHio 3jieKTpocjia6oH 

CHMMCTpHH [56]. HaHOMHHM, HOHCMy 3T0 HpOHCXOflHT. Onpe/],ejIHM HOJIC 



11.4) 



(Sflecb a, (5,a, (5 - cnuHopHbie HH/],eKCbi. HeTbipexKOMHOHCHTHbiH cnuHop T co- 

CTOHT H3 flByXKOMHOHeHTHblX CHHHOpOB: T = [Tj^, T^, CiaTj^ , e2aTi)'^ .) 

Qa,a npeo6pa3yeTC5I KaK JieBOHOJI5ipH30BaHHbIH nyUKTHpHblH CHHHOp npH 

fleiicTBHH SL{2, C) h KaK sjieMCHT (l^yHflaMCHTajibHoro npeflCTaBjieuHH uoj\ flCH- 
CTBHCM rpyuHbi Til, SU{2). Ecjih 9jieKTpocjia6bie BsaHMO^eHCTBHsi BbiKjiro^a- 
K)TCH, jiorpaH>KHaH TIl^ HHBapnaHTeH OTHOCHTCJibHO rjio6ajibHOH 5*^7(4) chm- 
MCTpHH. SU{2) H SL{2^C) HHBapnaHTHbie SnjiHHeHHbie K0M6HHaii,HH Q: 

r^e A, B - sto SU (4) njifl^eKC. 
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HH3K03HeprHTHHeCKHH Bcj^cj^eKTHEHblH nOTeHD,HajI V {^) HHBapHaHTGH OTHO- 

CHTejibHO /],eHCTBH5i SU{4:) Ha BaKyyMHoe snaHeHHe $ BbiSiipaeTCsi, Kor^a 
yHHTbiBaiOTC5i B03MyineHHJ5, HapymaioiuHe <S'[/(4). 3tot npoii,ecc HasbiBaeTCsi 
BbipaBHHBaHiieM BaKyyivia (vacuum alignment) [56]. 

OGbiHHbiH BaKyyM 3jieKTpocjia6oH TeopuH nojiynaeTCH, ecjin $ nponopi^no- 

HajIbHO 



$ = 








1 



V 



11.6) 



^ ^ 10^ 
1 

-10 0^ 

CooTBeTCTByiomHH KHpajibHbiH KOH;:];eHcaT: {6ab£ai3[T^^]*T^°'-^6ab£ai3[Bjl^]*B1"-). 
OflHaKO, flonycTHMO TaK>Ke h cjie^yioinee snaHeHHe 

^ 1 ^ 

-10 

1 
0-10 



$ = 



V 



11.7) 



B 3T0M cjiy^ae KOHflencaT HMeeT bh^ {cabeapTf^^B^j^ + ea;,ec,/3[r^"] + [5^^]+), h 
3jieKTpocjia6a5i SU{2) ocTaeTca HenapymeHHOH, b to BpeMH, KaK (Jdotoh CTa- 

H0BHTC5I MaCCHBHblM. 

B o6meM cjiy^ae napymeHHe KHpajibHOii CHMMeTpuH - /],OBOJibHO cjio>KHoe 
HBjieHHe H ero (|)H3HKa ne HsyHena ^eTajibHO. IIosTOMy nesicno pfl KOHij,a, Kaxaa 
H3 flByx yKasauHbix Bbime BOSMO^KHOCTen /],oji>KHa peajiH30BaTbC5i. AnajiHS [56] 
noKasbmaeT, hto Majibie B03Mym,eHH5i, BbisBauHbie 3jieKTpocjia6biMH BsanMO- 
fleftcTBHHMH BbiSnpaiOT BaKyyM, b KOTopoM 3jieKTpocjia6a5i CHMMeTpH5i napy- 
mena MHHHMajibHbiM oGpasoM, to ecTb cyiviivia KBa^paTOB Mace KajinSpoBOHHbix 

6030H0B MHHHMH3HpyeTe5I. 3t0 EpaBHJIO UpHBOflHT K TOMy, HTO B SU (2) MOflejIH 

BafinSepra - CaeeKHH^a peajinsyeTesi BTopasi h3 yKasauHbix Bbime bo3mo>kho- 
CTeii H 3jieKTpoejia6a5i eHMMeTpna napymaeTea nenpaBHjibHbiM oSpasoM. 
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11.4 Mo/],ejib OapH - CaccKHH/],a 



3Ta MOflejib 



coflep>KHT HeTbipe fly6jieTa 




11.8) 



Sflecb a - 3T0 SU {Ntc) HHfleKC, a Rnj\eKC i cooTBeTCTByeT ii,BeTHOH rpynne 
SU{3). LI,BeTHbie 4)epMH0Hbi nasbiBaioTcsi TexHHKBapKaMH, ocTajibHbie Hasbi- 
BaiOTC5i TexHHjienTOHaMH. FHnepsapsifl jigbbix TexHHjienTOHOB o6o3HaHeH Y^. 
rnnepsapsiflbi npaBbix TexHHjienTOHOB o6o3HaHeHbi Y^'^. rHnep3ap5ifl jieBbix 
TexHHKBapKOB o6o3HaHeH Y^. rnnepsapHfl npaBbix TexHHKBapKOB o6o3HaHeH 

(Y^^jf. KHpajIbHbie KOH^eHCaTbl HHBapHaHTHbl OTHOCHTejIbHO SJieKTpOMarHHT- 

Hbix U{1) npeo6pa30BaHHH, gcjih Y^'^ = Yz. i 1, = =t 1- 

TeopH5i He co/],ep>KHT aHOMajiHH, ecjiH Y^ + SYl = 0. IIoTpeGyeM, hto Mo^ejib 

HHBapHaHTHa OTHOCHTejIbHO flOHOJIHHTejIbHOH CHMMeTpHH (111.11) . IIojiyHHM 



[^ + ^ + l + y^1mod2 = 

[-^^1 + Yl] mod2 = 
i\tc 

Yl + SYE = (11.9) 

^annaH CHCTeMa ypaBnenHH HMeeT flsa pemeHH5i: 

1) Ntc = 2, Y£ = -f , Yl = 2(1 - 3k), k e Z; 

2) Ntc = 4,Y£ = -^,Yl = ^-Gk^k e Z . Tojibko rpynnbi SU{2) h SU{4:) 
MoryT 6biTb rpynnaMH Til,, ecjiii mm Tpe6yeM, hto TeopHH HHBapiiaHTHa otho- 
CHTejibHO (111.11) . Cjie^yiomHe rpynnbi MoryT 6biTb KajinGpoBonnbiivin rpynnaivin 
MOflejin, BKjnonaiomen Til, n CTan/i,apTnyio Mo^ejib: 

SU{2) (g) 5^7(3) X SU{2) X U{1)/Zq (11.10) 

HJIH 

SU{4) (g) SU{3) X SU{2) X U{l)/Zi2 (11.11) 
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KaK y>Ke roBopHjiocb, b SU{2) Mo^ejiH TLJ, BaiiHSepra - CaccKHH/],a 3jieK- 
Tpocjia6a5i CHMMeTpH5i HapymaeTC5i HenpaBHjibHO. Tohho Tax >Ke b SU (2) mo- 
flejiH OapH - CaccKHHfla no5iBji5iiOTC5i npo6jieMbi b TexHHjienTOHHOM ceKTope 
riosTOMy H3 AByx rpynn SU{2) h 5*^7(4) tojibko rpynna SU{4:) MO>KeT 
6biTb npHeMjieMoii rpynnofi TU,. 

11.5 06TDe/],HHeHHe TJJ^ h KajiHSpoBOHHoii rpynnbi CM 

PaccMOTpHM, KaK, B npHHLi,Hne, TLJ, h KajiH6poBOHHa5i rpynna CTaHflapTHoii 
MoflejiH MoryT 6biTb oSTaeflnnenbi b o6ni,yK) Kajin6poBonnyK) rpynny. Mbi ne 
6yfleM o6cy>K/],aTb s^ecb ^eTajin iviexannsivia napymennsi cnMMeTpnn n to, KaK 
o6ecnenHBaeTC5i coKpamenne Knpajibnon anoMajinn b MO^ejin PTU,. Hama n,ejib 
3aKjnonaeTC5i jinnib b tom, nTo6bi npo^eMoncTpnpoBaTb, KaK flonojiRHTejibnasi 
flHCKpeTHaa CHMMeTpnsi ( 111.11 ) mo^kct noj5BHTbC5i npn cnoHTanHOM napymennn 
CHMMeTpnn oSTDeflnnennon MO^ejin. 

^ji5i onpeflejiennocTH paccMOTpHM Ntc = 4. IlycTb U{10) - sto rpynna 
oS^beflnnennsi. Cxeivia napymennsi cnMMeTpnn cjieflyK)ni,a5i: U{10) —>■ SU{4:) 
SU{3) X SU{2) X U{l)/Zi2. Mbi npe/],nojiaraeM, hto npn nnsKnx aneprnsix 
onepaTop napajijiejibnoro nepenoca U{10) uojisi npnnnMaeT brj\: 



Q = 



( (.~2^e ^ 

Ue-'^ 

Te^'-T 

y Ge-^ J 



G U{Netc) (11.12) 



OopMa SToro onepaTopa ^eMoncTpnpyeT, hto cnMMeTpnn (111.11) ^encTBn- 
TCJibno nMCCT mccto. OepMnonbi Ka>Kfloro noKOJienna "j^ necyT nn^CKCbi 
ik (|)yH;],aMeHTajibHoro npe^CTaBjiennsi U [Netc] h nH/],eKCbi jk conp5i>Kennoro 
npeflCTaBjienn5i. Onn MoryT 6biTb nfleHTn4)nn,npoBanbi c (jDcpMnonaMn CTan- 
flapTnoH MoflCJin n Texnncj^epMnonaMn MO^ejin Oapn - CaccKnn^a cjie^yromnM 
o6pa30M (mm paccMaTpnBacM s^ecb jinuib nepBoe noKOJienne): 
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1 




{12 = 1,3; ^3 = 4, 



5,6; Z4 = 7,8,9, 10); 



(11.13) 



Hs ( 111.131) cjie^yeT, hto Bce 4)epMH0Hbi CTaHflapTHoft Mo^ejiH MoryT nepe- 

XOflHTb B TeXKHcj^epMHOHbl C HSJiyHGHHeM U{NeTc) KajIHGpOBOHHblX 6030H0B. 

3to no3BOJi5ieT hm npHo6pecTH Maccbi, a ^aHHyio MO^ejib oG^hep^nnenn^i pac- 
CMaTpHBaTb KaK BapnaHT Mo^ejiH PTLI^. PasyivieeTcsi, flaHHaa cxeMa PTU, ne 
onHCbiBaeT noHBjieHHe peajiHCTHHecKHx Mace HSBecTHbix HacTHu,. O^HaKO, ona 
flaeT npHMep Toro, KaK sto MO>KeT 6biTb cpfijia.no b npHHn;Hne. Hn^Ke mbi onyc- 
KaeM fleTajiH pannoR MO^ejiH PTU,, ne onncbiBaeM, 6jiaroflap5i Heiviy npoHCxo^HT 

HapyniGHHe CHMMeTpHH, KaK HCHeSaroT H3 HHSKOSHeprHTHHeCKOft 4)H3HKH JIHin- 
HHG 4)epMH0HbI H KaK C0KpaiHaK)TC5I aHOMajIHH. npe/],nOJIO>KHM, OflHaKO, HTO 

Bce B nopHflKe, h PTLI, MO^ejib pa6oTaeT, upwopsi npn hhskhx SHeprnsix k 
onepaTopy U{10) napajiJiejibHoro nepenoca b 4)opMe ( 111.121) . Tor^a Bce onepa- 
Topbi napajiJiejibHoro nepenoca b TCopHH HHBapHaHTHbi OTHOCHTCJibHO ( 111.11) . 
KajiH6poBOHHa5i rpynna U{10) - o/],HOCB5i3Ha. IloBTOMy MO^ejib PTU, co^ep- 
>KHT MOHonojiH. YloxowiSiii CHTyaii,H5i 6bijia HaMH paccMOTpena b upephipymfin 

rjiaBG. B HaCTHOCTH, flOJIJKHbl npHCyTCTBOBaTb MOHOnOJIbHbie K0H4)Hrypaii,HH c 

rnnepsapHflOBbiM hotokom tt. 

ripeflnojiojKHM Tcnepb, hto MO^ejib PTU, nocTpoena TaK, hto cxeivia napy- 
meHHH - G — )► SU{4:) SU{3) x SU{2) x U{1). TaK>Ke npe/],nojio>KHM, hto 
rnnepsapj^flbi 4)epMH0H0B - paii,HOHajibHbie HHCJia ^ c ii,ejibiMH P h Q, h MaK- 
CHMajibHoe SHaHCHHe Q paBHO 3. Torpa MOHonojiH b TCopHH 6yflyT coBepmcHHO 
flpyrHMH. A HMCHHO, MHHHMajibHbiH rHnep3ap5iflOBbiH noTOK 6yfleT paBCH Gtt 
(ecjiH MaKCHMajibHoe SHaneHHe Q paBHO Qmax > 3, to rHnepsapHflOBbiii hotok 
MOHonojiH 6yfleT 2Qj„ax7r)- 

TaKHM o6pa30M, ecTb cymecTBCHHaa pa3HHD,a Mewipy MOHonojibHbiM co^ep- 
jKaHHCM MOflCJiH PTU, B pBjx paccMaTpHBacMbix cjiy^aax. A hmchho, b npn- 



207 



CyTCTBHH CHMMeTpHH ( ill.ll ). nOHBJIHIOTCH MOHOnOJIH C nOTOKOM, paBHbIM TT, B 

npoTHBHOM cjiy^ae hx hgt. 

11.6 IlOHTH KOH4)OpMHbIH TeXHHI^BeT 

MoflejiH TexHHii,BeTa c hx HapymenHeM KHpajibHoft CHMMeTpHH cnoco6Hbi o6ec- 
neHHTb HapymeHHe 3jieKTpocjia6ofi CHMMeTpHH. O^naKO, o^hh sth MO^ejin 
He B C0CT05IHHH o6ecHeHHTb 4)epMH0Hbi peajiHCTHHecKHMH MaccaMH. OepMH- 
OHbi CTaHflapTHOH MoflejiH CTaHOBHTCH MaccHBHbiMH, ecjiH OHH MoryT HpeBpa- 
m,aTbCH B TexHHcjDepMHOHbi, CKa>KeM, c HSJiynenneM hobbix MaccHBHbix KajinG- 
poBOHHbix 6030HOB. Torfla KBapKOBbie h jieHTOHHbie Maccbi OH,eHHBaiOTC5i KaK 
TTT^Q I ^Tc^Tc ^ y\^y^ _ xnKajia TU,, a Aetc - niKajia HOBoro CHjibHoro BsanMO- 
fleHCTBHH (PTLJ^). (CnoHTaHHoe napymeHHe PTU, hphbo^ht k BOSHHKHOBeHHio 

Mace HOBblX KajIH6pOBOHHbIX 6o30HOB HOpHflKa Aetc-) 

Hhcjio 4)epMH0H0B (pa3Meni,eHHbix b 4)yH;],aMeHTajibH0M npeflCTaBjienHH 
rpyHHbi TLJ,), p^jiii KOToporo noBeflCHHe MO^ejiH CTaH0BHTC5i 6jih3khm k koh- 
4)opMHOMy 0H,eHHBaeTC5i KaK [35J Nf ~ 4:Ntc- B stom cjiy^ae 34)4)eKTHBHbiH 
sapHfl CTanoBHTCH "H/],yni,HM" (walking) bmccto 6eryni,ero [17]. B cooTBCTCTBy- 
K)m,eH TeopHH PTU, HCHTpajibHbie tokh c HSMeneHHeM apoMaxa MoryT 6biTb 

HOflaBJieHbl, HTO HOSBOJIHCT HpH6jIH3HTbC5I K peajIHCTHHCCKOMy OHHCaHHK) TC- 

HepaH,HH (J^epMHOHHbix Mace. CjiepjeT OTMCTHTb, HTO peajiHCTHHecKaa Macca t 
KBapKa He mo^kct 6biTb creHepHpoBana TaKHM oGpasoM. HosTOMy boskhkhobc- 

HHC MaCCbl t KBapKa 5lBJl5ieTC5l OTflCJIbHOH HpoSjIGMOH B HOCTpOeHHH MOflCJieH 

PTLJ, (cm., nanpHMcp, [18]). B MO^ejiH Oapn - CaccKHH^a KOHcJiopMHbiH pe>KHM 

flOCTHraeTC5I CCJIH HHCJIO HOKOJieHHH TeXHH(|)epMHOHOB Ne) paBHO Ne = 2 HpH 

Ntc = 4. 

EcjIH TCXHHcjDepMHOHbl pa3Mem,aK)TC5I B 4)yHflaMeHTajIbH0M HpeflCTaBJieHHH 

MOflCJiH HOHTH KOH(|)opMHoro TexHHH,BeTa (walking Technicolor model), to nep- 
Typ6aTHBHbiH BKjiafl B S HapaMCTp Bce em,e ocTacTCsi onacHO 6ojibmHM [31]. O/i,- 

HHM H3 HyTCH HpeOflOJICHHSI 3T0H HpoSjICMbl 5lBJl5ieTC5l paCCMOTpCHHC BblCHIHX 

HpeflCTaBjieHHii rpynnbi Til,. MHHHMajibHbift Bbi6op s^ecb Ntc = 2 c o^hhm 

HOKOJieHHCM TeXHHcjDCpMHOHOB, HpHHaflJie>Kam,HX flByXHH;],eKCHOMy CHMMCTpHH- 

HOMy HpeflCTaBjieHHK) SU{2). Stq. MHHHMajibHasi Mo^ejib co^ep^KHT Texwc^ep- 
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MHOHbi CHMMeTpHHHbie HO TL[ SU{2) HH^eKcaM a R b: 





11.14) 

L \^ ) R 

3flecb /],o6aBjieHO flonojiHHTejibHoe noKOJieHne jienTOHOB CTaH/],apTHOH Mo^ejiH 

J\J15{ TOrO, HT06bI COKpaTHTb KHpajIbHyK) aHOMajIHK). B 3T0H MOflejIH BKJiafl B 

S - napaMGTp cymecTBenHO Menbine, HeM b MO^ejin c TexHH4)epMH0HaMH h3 
4)yH/],aMeHTajibHoro npe/],CTaBjieHHH [31]. 

AH0MajiH5i OTcyTCTByeT, ecjiH 3Y^ + = 0, Tj\e Y£ - rnnepsapsiflbi jieBbix 
TexHHjienTOHOB, QuYl - rnnepsapHfl hobbix jieBbix jienTOHOB, 5iBji5iK)mHxc5i chh- 
rjieTaMH OTHOCHTejibHO TLl^. Ba>KHO, hto flanHoe flByxHH/],eKCHoe npe^CTaBjie- 
HHe Til, rpynnbi SU (2) He HyBCTByeT ii,eHTp rpynnbi SU (2). HosTOMy onepaTop 
napajiJiejibHoro nepenoca cooTBeTCTByiomHii hobbim 4)epMH0HaM HKBapnaHTeH 
OTHOCHTejibHO (111.11) c Ntc = 2 eCJIH 

[1 + y£]mod2 = 
[1 + yz.]mod2 = 

YL + 'iYl = (11.15) 

PemeHHe 3thx ypaBnenHH HMeeT Y£ = — ^,Yl = 3(1 — 2k), k G Z. 
TaKHM o6pa30M, MHHHMajibnaH Mo^ejib hohth KOH4)opMHoro TexHHii,BeTa HHBa- 

pHaHTHa OTHOCHTejibHO paCmHpeHH5I Zq CHMMCTpHH CTaHflapTHOH MoflCJIH HpH 

flaHHOM Bbi6ope rHHepsap^flOB. 

Otmcthm TaK>Ke, hto b /],aHHOH MOflCJiH BaKyyMHoe cpe;],Hee 

(ecde„,e«^[/f ^''^Df + e,deabeap[U^/n^[D'/^^]+) (11.16) 



MO»:eT H05IBHTbC5I BMCCTO HpHBblHHOrO 

Tb,d,l3 I r 7-,a,c,Q;] + 7-)6,(i,/3\ 



EcjiH 6bi BaKyyM cooTBCTCTBOBaji STOMy KOHflCHcaTy, 3jieKTpocjia6a5i chmmct- 
pH5i 6bijia 6bi Hapymena HenpaBHjibHO. O^naKO, MO>KeT 6biTb noKasano 
HTO B flaHHOM cjiyHac cyMMa KBa^paTOB Mace KajinSpoBOHHbix 6o30hob 6ojib- 
me, HCM HpH o6biHHOM HapymeHHH chmmctphh. TaKHM o6pa30M, opHeHTaH,H5i 
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BaKyyivia b ^aHHOM cjiy^ae cooTBeTCTByeT npaBHjibHOMy HapymeHHio 3jieKTpo- 

CJia60H CHMMeTpHH. 

11.7 Ha/i,CTpoHKa na/i, MO/],ejibK) Oapn - CaccKHH^a 

Bbime Mbi noKasajiH, hto cpe^H pasjiHHHbix MOflejieii TU, jinnib neKOTopbie chm- 

MeTpHHHbl OTHOCHTejIbHO flOnOJIHHTejIbHOH flHCKpeTHOH CHMMeTpHH (111.11) . B 

HacTHOCTH B MOflejiH OapH - CaccKHHfla, HpHBjieKaioni,eH name BKHManne cbohm 

CXOflCTBOM CO CTaHflapTHOH MoflCJIbK) (cC TeXHHcJiepMHOHbl - KOHHH 4)epMH0- 
HOB CTaHflapTHOH MoflCJIH (CM) C /],OHOJIHHTejIbHbIM TLI^ HRflCKCOM) flOHyCTHMa 

jiHHib rpynna SU (4). 3Ta MO^ejib (bmcctc c CM hmcct KajinSpoBOHHyio rpynny 
SU (4) (g) SU (3) SU (2) (g) t/(l). rHHep3ap5i/],bi Bcex 4)epMH0H0B 4)HKCHpyK)TCH 

flOHOJIHHTejIbHOH CHMMCTpHeH C TOHHOCTbK) flO n,ejIOrO HHCJia. 

CxpyKTypa KajinGpoBOHHoii rpynnbi SU {4:)0SU {3)0SU {2)<S)U{1) HO^CKa- 

SblBaCT HaM B03M0>KH0e HpOflOJI>KeHHe KaK HOCJie;],OBaTejIbHOCTH SU {N) HOfl- 

rpynn: 

G = ... (g) SU{6) (g) 5^7(5) (g) SU{4) (g 5^7(3) (g) SU{2) (g U{l)/Z, (11.18) 

rfle Z - flHCKpcTHasi rpynna, OHpe^ejisieMasi hhjkc. 

3Ta B03M0>KH0CTb Ka>KeTC5i HaM HHTcpecHOH. Hh^kc OHa anajiHSHpyeTCH c 
Toii >Ke TOHKH 3peHH5i, HTO H HcxoflHaH MOflCJib OapH - CaccKHHfla. Mbi pas- 
Men];aeM 4)epMH0Hbi b (JiyH^aMeHTajibHbix Hpe;:],CTaBjieHH5ix HO^rpyHH SU{N) 
rpyHHbi (111.181) . B o6ni,eM cjiynae MO^ejib c rpyHHOH (111.181) coflep>KHT anoMa- 
jiHH pasjiHHHbix THHOB. AnpHopH HeoHeBHflHO, HTO cym,ecTByeT Bbi6op THHepsa- 

piipiDB TaKOH, HTO OTCyTCTByCT KHpajIbHaSI anOMajIHH B TO BpeM5I, KaK ypiDBjie- 
TBOpj5eTC5I flOHOJIHHTejIbHa^^ flHCKpCTHaH CHMMCTpHS. HH>Ke Mbi HOKaSblBaCM, 

oflHaKO, HTO TaKOH Bbi6op cym,ecTByeT. 

Hume Mbi He KOHKpeTHsnpyeM, KaKoft MexannsM hphbo^ht k BOSHHKHOBeHHio 

Mace 4)epMH0H0B. 9t0 MO>KeT 6bITb MCXaHHSM PTIJ^ HJIH KaKOH TO BapnaHT MC- 

xaHH3Ma, HpefljiaracMoro b cjieflyromeii rjiaBC, hjih, KaKoii - jih6o hhoh. JIioGoh 

H3 TaKHX MCXaHHSMOB OHpeflCJISieT COOTBCTCTBHC Me^KflJ JICBblMH H HpaBblMH 

4)epMH0HaMH, HfleHTH4)HH,HpyeMbiH c coHp5i>KeHHeM HGTHOCTH CHHHopoB. Hama 
MOflCJib TaK>Ke, KaK h MOflCJib OapH - CaccKHH/i,a, coflep>KHT jicBbie fly6jieTbi 

H HpaBbie CHHrjICTbl. IIoSTOMy HCTHOCTb CBHSblBaCT napbl HpaBblX CHHrjICTOB 
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c jieBbiMH flj6jieTduMii. B nacTHOCTH, KOMnoneHTa, cooTBeTCTsyiomasi npasoMy 
sjieKTpoHy, HasbmaeTCH jieBbiM sjieKTpoHOM. OGosnanHM jieBbm fly6jieT nepBO- 
ro noKOJieHH5i jienTOHOB CM G. ^aHHoe cooTBeTCTBHe MO>KeT 6biTb sanncaHO 
KaK n|G* = ui; Q^G* = e^, rj\e mm BBejiH BcnoMoraTejibHoe nojie G SU{2). 
To >Ke nojie Q npHMeneHHoe k ^pyrHM jieBbiM flyGjiexaivi p^&eT napTHepoB no 
HeTHOCTH ocTaBniHxra npaBbix CHHrjieTOB. OnsHHecKHe BejiHHHHbi ne saBHCsiT 
OT n H 3T0 nojie Bcer^a MO>KeT 6biTb BbiGpano eflHHHHHbiM. 9tot Bbi6op coot- 
BeTCTByeT yHHTapnoH KajiH6poBKe. MaccoBbiii Hjien flaeT aMnjiHTy^y nepexo^a 
MeyKflj npaBbiMH CHHrjieTaiviH h hx napTHepaiviH no nexnocTn. B to >Ke Bpeivia 
flnnaMHnecKne 4)epMHonnbie njienbi co^epjKaT CMemnBanne. TpeSoBanne Toro, 
HTO Q - Oflna n Ta me p^jiii Bcex jieBbix fly6jieT0B neo6xo^HMO fljisi Toro, nTo6bi 
peajiHSOBajiocb npaBHjibnoe napymenne 9jieKTpocjia6oH CHMMeTpnn. Cjie^yeT 
OTMeTnTb, nTO SU (4) MO^ejib Oapn - CaccKHHfla, b KOTopon PTLI^ BsanMO^en- 

CTBH5I paCCMaTpHBaK)TC5I KaK B03MyU];eHH5I, BbipaBHHBaeT BaKyyM npaBHJIbHbIM 

o6pa30M TaK>Ke OTMeTnM, hto nojie - ne flnnaivinnecKoe, to ecTb neT 
nnTerpnpoBann5i no b 4)ynKn,nonajibnoM nnTerpajie. OHKcan,n5i Q osnanaeT, 
HTO BbiGpan o/],nn ns SKBnBajienTHbix BaKyyMOB npn cnonTannoM napymennn 
3jieKTpocjia6oH CHMMeTpnH. 

flonojinnTejibnbie SU {N) {N > 4) npncyTCTByiomne b (111.181) MoryT na- 



6jiK)flaTbC5i npn sneprnsix Bbime uiKajibi TLI^. Hn>Ke mm nasbiBaeM SU {N) nofl- 
rpynnbi N > 4 rpynnaivin rnnepn,BeTa (FLI,). KpoMe tofo, bch nocjie^OBa- 
TejibnocTb (111.181) nasbmaeTCsi naivin Gamneii rnnepn,BeTa. 

11.7.1 Ilpe^JiaraeMaH Mo^ejib 

Moflejib coflep>KnT U{1) Kajin6poBonnbie uojisi n KajinGpoBonnbie SU{N) uojisi 
c jiio6biM A^. Kajin6poBonna5i rpynna MO^ejin - (111.181) . IIpncyTCTByroT 4)epMn- 
onbi, OTnoc5ini,nec5i k 4)yn/],aMenTajibnbiM npe^CTaBjiennsiM no^rpynn SU {N) 
rpynnbi G. TaKnM o6pa30M, B03M0>Knbie 4)epMnonbi - sto npaBbie ■■■*''3*'=2 
n jieBbie G^*^'^*''^*''^, rj\e a n l3 - cnnnopnbie nn^eKCbi, A nyiviepyeT noKOJienna, a 
nap^eKC ik OTnocnTCJ5 k no^rpynne SU{k). S^ecb Y - U{1) 3apj5fl flannoro (|)ep- 
MHona. B nacTnocTn, npncyTCTByroT 4)epMHonbi He nivieiomne nn^eKCOB, 

a eflnncTBenna5i rpynna, /],eHCTByK)ni,a5i na "^ax - sto Uil). Bojiee tofo, mm 
npe^nojiaraeM, hto npncyTCTByiOT 4)epMnonbi, na KOTopbie G ne ^encTByeT co- 
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BceM. Mbi o6o3HaHaeM hx ^Afi- Bee 4)epMH0Hbi - /],BXKOMnoHeHTHbie ennHopbi. 
Mbi TaKJKe npe^nojiaraeM e eaivioro naHajia, hto rpynna SU (2) flefieTByeT tojib- 
KO Ha jieBbie enHHopbi. fl^Ji^i npoeTOTbi mm onyeKaeM HH>Ke enHHopHbie HHfleKebi 
H HH/],eKebi, HyiviepyiomHe noKOJieHH5i. TaKHM oGpasoM mm HMeeM ejie^yiomHe 

4)epMH0HbI 





U{1) : 




Uil) 


,SU{2) : 




U{1) 


,5^7(3) : 


^ Fg ) ^ Kj' ' • • • 5 


U{1),SU{2) 


,SU{3) : 




m 


, SU{4) : 




U{1),SU{2) 


,SU{4) : 




U{1),SU{3) 


,SU{4) : 




U{1),SU{2),SU{3) 


, SU{4:) : 


0«4«3«2 0«4j3«2 
^432 ' i432 



(11.19) 

Sfleeb B Ka>KflOH eTpoKe nepeHHejiaiOTeH noflrpynbi G, flefteTByiomHe na 4)epMH- 
OHM 3T0H eTpoKH. B Ka>KflOH eTpoKe 3HaHeHH5i t/(l) 3ap5ifla o6o3HaHeHbi y, y, 

H T.fl. 

PaeeMOTpHM nepByio eTpoKy. Sfleeb ^jih Toro, htoGm BoenpoH3BeeTH CM 
MM orpaHHHHBaeMeH 3HaHeHHHMH y, paBHMMH H —2. ^ajiee, BTopa5i expoKa 
eo/],ep>KHT eflHHeTBeHHMH sjieMeHT e y = — 1. TpeTbH expoKa eo/],ep>KHT /],Ba 
sjieMeHTa ey = |Hy = — |.B HeTBepTofi expoKe eeTb eflHHeTBeHHbift sjieMeHT 
ey = i. 3Ta eTpoKa 3aBepmaeT CM h mm nepexo/],HM k ee yjibTpa4)H0JieT0B0My 

flOnOJIHeHHK). 

Cjie^yiomHe 4 eTpoKH b ( 111.191 ) BbiSnpaiOTesi Tax, htoSm npe/],eTaBHTb SU (4) 
MOflejib OapH - CaeeKHH^a [15]. Bbime 6bijiH nojiyHeHbi rHnep3ap5iflbi TaKHe, 
HTO OTeyTeTByeT KHpajibHa5i HHBapHaHTHoeTb, a /],onojiHHTejibHaH eHMMeTpna 
eoxpaH5ieTe5i. B pe3yjibTaTe b 5 - h expoKe eeTb jxB-a. sjieMeHTa e y4 = ^ — + 1 
K = ^ — 6K — 1 (r/],e K - npoH3BOJibHoe ii,ejioe HHejio). B 6 - ft expoKe 
npneyTeTByeT ofl^nn sjieMeHT e Y42 = \ — GK ^ rj^e K - to >Ke, hto h Bbime. B 7 
- ft eTpoKe eeTb /],Ba sjieMeHTa e Y/^^ = —^—^ + 1 h Y^^ = — ^ 5'^ — 1. B 8 - ft 
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CTpoKe ecTb oflHH sjieMeHT c I432 = —^-3 — . CnoBa, b sthx ^eyx CTpoKax K - 
TO >Ke, HTO H Bbime. 

IIpeoSpasoBaHHe neTHOCTH V fleiicTByeT na 4)epMH0Hbi cjieflyiomnM o6pa- 
30M. EcjiH 6bi npHcyTCTBOBajiH TOJibKO flsa 9jieMeHTa h 7]^ TO 6bijio 6bi 
f) = ir]a{t, —f);Vr]a{t,f) = ix'^{t,—f). B nameM cjiy^ae mm noxpe- 
6yeM, HTo6bi jik)6oh nocjieflOBaTejibHOCTH SU{N) [N > 2) HH^eKCOB cy- 
mecTBOBajiH flBa npaBbix cnnnopa h o;];hh SU (2) fly6jieT. HeTHOCTb CBHSbmaeT 
Ka>KflbiH H3 npaBbix cnHHopoB c KOMnoHeHToii SU (2) ^yGjiexa. Tor^a 

3 ^3 3 ^3 

^^^43 - "S2'-'l432' '^Yls - ^^H2^Yi32 ' 

(11.20) 

S^ecb Q - 3T0 BcnoMoraTejibHoe SU (2) nojie, OTMenenHoe b BBe^eHHH. Oh- 
SH^ecKoe sna^GHHe nojia - to, ^to oho Bbi6HpaeT napxHepa no nexnocTH fljiH 
KajKfloro npaBoro cnnnopa. 

CooTBeTCTBne Me^K^y namnMH o6o3nanenH5iMH n o6nj;eynoTpe6HTejibnbiMH - 
cjie;];yion];ee (mm s^ecb npnBOflHM cooTBeTCTBne j\ji5i cjiynaa K = tojibko fljiii 
nepBoro noKOJienna) : 

^'i = UR- = dR- V^'i = iul; V^'\ = idL] 
333 3 

¥i = Nr; ¥\ = Er- V¥i = iNl] V¥\ = iEl] 

222 2 

y^f^ = Ur; = Dr; V^'f' = iUl] P^H' = iDl- (11.21) 

6 6 6 6 

CjieflyeT OTMeTHTb, hto (J)epMHonbi nepBoro noKOJienna nepenncjiennbie 
3;];ecb ne flnaronajinsnpyiOT MaccoByio MaTpnn^y. A flnaronajiHsnpyiOT ee jih- 
nennbie K0M6HHan,HH c y^eTOM CMemHBaHH5i. 

npe>Kfle, HeM nepeiiTH k cjieflyK)U],HM CTpoxaM paccMOTpnM, Kax Zq CHMMeT- 
pnii CM MOJKGT 6biTb npoflOJiJKena na KajiH6poBOHnbie nojiH rHnepn;BeTa. 
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11.7.2 Z CHMMGTpHH 

Bbime Mbi npefljio>KHjiH cnoco6 npoflOJi>KHTb CHMMeTpnio CM na MO^ejiH 
TexHHi],BeTa. S^ecb mm npoflOJi>KHM STy CHMMeTpnio na Bce no^rpynnbi rpynnbi 
G: 

e e + TiN, 

n4 ^ n4e(2-/4)iv^ 
n5 ^ n5e(2-/5)iv^ 

He ^ n6e(2«/6)iv^ 

(11.22) 

Sflecb Hk - 3T0 SU{K) onepaTop napajiJiejibHoro nepenoca. Mbi CTpoHM na- 
my MOflejib Tax, hto onepaTopbi napajiJiejibHoro nepenoca HHEapnaHTHbi otho- 
CHTejibHO ( II 1.221 ) ■ PesyjibTHpyiomaH CHMMeTpHH o6o3HaHaeTC5i Z h exo^ht b 
onpe/],ejieHHe ( 111. 181 ). 

11.7.3 SU{N) rpynnbi c iV > 4 



HpoaHajiHSHpyeM nocjie^OBaTejibHOCTb ( 111.191) b 4)opMe ( 111.211 ). SaivieTHM, hto 



BTopa5i napa CTpoK - sto KonHH nepBbix flbyx c flonojiHHTejibHbiM SU{3) hh- 
fleKCOM. ^ajiee, BTopasi HeTBepxa CTpoK - kohhsi nepBOii neTBepKH c flonojiHH- 
TejibHbiM SU (4) HH/],eKCOM. ripeflnojiojKHM, HTO 3T0T npoii,ecc npo/],oji>KaeTCH 
6ecK0HeHH0. Tor^a nocjieflOBaTejibHOCTb 4)epMH0H0B HMeeT bh^: 





U{1),SU{5) : 






U{1),SU{2),SU{5) : 






U{1),SU{3),SU{5) : 




^(1) 


,SU{2),SU{3),SU{5) : 


^532 ' 




U{1),SU{4),SU{5) : 




Uil) 


,SU{2),SU{4),SU{5) : 


/S\«5«4j2. 
^^^42 ' 
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[/(I), su{3), su{4), su{5) : 



U{1), SU{2), SU{3), SU{4:), SU{5) : 0'^ 



5432 ' 



U{l),SUi2),...,SUiK): 6^^ 



'k...2 ' 



11.23) 



HH>Ke Mbi BbiBOflHM rHnep3ap5i/],bi Bcex 4)epMH0H0B, Tpe6y5i, hto coxpa- 

HHeTCH CHMMeTpH5I ^ B TO BpeM5I, KaK KHpajIbHbie aHOMajIHH OTCyTCTByiOT. 

CoKpameHHe anoMajiHH neo^xo^ymo Toro, HTo6bi Mo^ejib 6bijia xopo- 
mo onpeflejiena. Hto KacaeTca Tpe6oBaHH5i, hto coxpaH5ieTca sto - name 
npeflno jio>KeHHe . 

Ilpe^jioiKeHHe 

Hhjkg Mbi noKajKGM, HTO yKasaHHbie Tpe6oBaHH5i npHBOflsiT k cjieflyioineMy 
Bbipa>KeHHK) f\jm rnnepsapHflOB 

l2 = -l 

I M-l I 

yhi2i3...tM-liM2 = -1 + 2(1 - — ) + 2 E [e{ik - ik + 1 - 1) - — ] + 2iVzii2Z3...ZAf_iJM2 

I'M k=l ^k 

Y,,.., = Y,,,_n + 1; l^',.., = %../2 - 1 (11.24) 

r^e 6{x) = \ (x > 0); 6'(a:) = (x < 0). Bo BTopoH CTpoKe M > 1. J\ji5{ jiio- 
6bix K ij,ejibie HHCJia A^iii2i3...u/-iiM2; KOTopbie bxo/],5it b (111.241 ). y^OBjieTBopsiiOT 
ypaBHeHHK) 

E zj.../iVi,,,.j2 = (11.25) 

K>i>j>...>l>2 

Sflecb cyMMa - no BceM (Heynopj^^OHeHHbiM) Ha6opaM pasjiHHHbix Li,ejibix HHceji 
TaKHx, HTO 2 < I < K . 

^OKasaxejibCTBO 

npe>K/],e Bcero, ecjiH (lll.ll ) - sto CHMMeTpH5i TeopHH, HMeeT MecTO cjieflyio- 
mee peKypcHBHoe cooTHomeHHe: 

2 , 

yKij...i2 = yij...i2 ~ ^ 2Mxij..j2; yKij...i = yKij...i2 + 1; yKij...i ~ yKij...i2 — i, 

(11.26) 

rfle MKij...i2 - ii;ejibie HHCjia. 
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noTpe6yeM, HTo6bi ^jih jiioSbix K 

E iJ...lYK^J...l2 = 0, (11.27) 

K>i>j>...>l>2 

3to osHaHaeT, hto KHpajibnasi aHoiviajiHH OTcyTCTByeT fla>Ke ecjiH nocjieflOBa- 
TejibHOCTb ( 111.181 ) saKaHHHBaeTCH (|)aKTopoM SU {K) ^jih neKOToporo K. 



A HMeHHO, MoryT no5iBHTbC5i aHOMajiHH cjie^yioinHx thhob 

1) SU{N) - SU{N) - SU{N), N >2 

2) SU{N) - SU{N) - U{1), N>2 

3) SU{2) - SU{2) - U{1) 

4) [/(l) - U{1) - U{1) (11.28) 

AHOMajiHH nepBoro THna sanyjiaeTCsi nocKOJibKy hhcjio jieBbix 4)epMH0H0B 
paBHO HHCJiy npaBbix b to BpeM5i, KaK h Te h flpyrne Haxofl5iTC5i b 4)yHfla- 
MGHTajibHOM npeflCTaBjiGHHH SU{N). AHOMajiHH BToporo THna C0KpamaK)TCJ5, 
nocKOJibKy Yij^^j = Yij,,j2 + 1; ^ = ^ij.../2 — 1- AnoMajiKH TpeTbero Tiina h 
HeTBepToro THna 3anyji5noTC5i ecjin cyMMa rnnepsapH^jiB no jieBbiM fly6jieTaM 
paBna nyjiio. 3to npnBOflHT k (111.271 ). 

noKa>KeM, HTO p^jiii jiK)6oro K n,ejibie nncjia MKij...i2 MoryT 6biTb Bbi6panbi 
TaK, HTO y/],OBjieTBopHeTC5i (111.271 ). IlycTb J2K'>i>j>...>i>2'ij---lYK'ij...i2 = for 
K' < K (3to 6bijio y>Ke npofleMoncTpnpoBano ^jih K' = 4.). Tor^a 

E ^J■■■lYK^J...l2 = + 2 E ^J...lMK^J...l2 (11.29) 

K>i>j>...>l>2 '^•^ K>i>j>...>l>2 

Speech ncnojibsoBano paBencTBO T,K>i>j>...>i>2'ij---l = fr- 
BBefleM cjiep,yK>u\iie oGosHanenna: 

MK^J...l2 = M'k,j„j2 + 1, for a- - 1 > z > j > ... > / > 2; 

MK^J...l2 = M;^.,..j2, for - 1 = ^ > J >...>/> 2 (11.30) 



Tor^a 
K\ 



+ E ij...IMk,,,„i2= E U-/M^,^,.,2 (11-31: 



3\K K>i>j>...>l>2 K>i>j>...>l>2 
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CooTHomeHHH, onpe;];eji5iK)inHe 4)epMH0HHbie rnnepsapsiflbi, MoryT 6biTb ne- 
penncaHbi cjie^yiomHM o6pa30M: 

yKij...i = yKij...i2 + 1; yKij...i = yKij...i2 — i; yKij...i2 = yij...i2 ~ ^'^^ '^^Kij. 

{for K - 1 > I > j > ... > I > 2, or K = 3); 

yK^J...l2 = y^J...l2 " + SMJ,,^- ^3 {ior K - I = I > J > . . . > I > 2) (11. 

Sflecb n,ejibie HHCJia Mj^j^- j2 Bbi6paHbi Tax, hto T,K>i>j>...>i>2 ^i^ij..j2 = 0- 
HaKOHeii,, Mbi npHxoflHM k pemeHHio ( 111.271) b 4)opMe (111.241) . B HacTHO- 

CTH, Bbl60p N,^^,^,...^^,_,^^,2 = npHBOAHT K y^,^,^,...^,,^,^,a = "1 + 2(1-^) + 

2Efcll^[^(^fc ~ ^k+i ~ 1) ~ j^]- TaKHM o6pa30M, CHMMeTpn^^ (111.11) 4)HKCHpyeT 
rHnep3ap5i/],bi c TOHHOCTbio pf) ii,ejibix HHceji A^iii2»3- -u/-i«M2 TaKHx, hto y^OBjie- 

TBOp5ieTC5I (111.251) . 

OTMeTHM, HTO ecjiH ^ CHMMeTpH5i He HaKjiaflbiBaeTCH, TO rnnepsapHflbi onpe- 
flejiHKDTCH TOJibKO ycjiOBHeM coKpameHH5i aHOMajiHH. IIpH 3T0M rnnepsapsiflbi 
nojiyHaiOTC5i cooTBeTCTByiomHMH (111.241 ). A^iii2i3.-iM-i»M2 - 3T0 y>Ke ^eficTBH- 
TejibHbie HHCJia. 

11.7.4 CBOHCTBa TexHHi],BeTa h rHnepi],BeTa 

^HHaMHKa TexHHii,BeTa CBHsana o6biHHbiM o6pa30M c hhcjiom (|)epMHOHOB 
Nf. A HMeHHO, 6eTa - 4)yHKi],H5i b oflHoneTjieBOM npH6jiH>KeHHH HMeeT biij\ 

Psu{K)i<^) = — ^^^Q^^^ ct'^ r^e a = ^^j^. Ecjih Nj < yA', o^HoneTjieBoe 
BbiHHCjieHHG yKasbmaeT na no5iBjieHHe aciiMnTOTHHecKOH CBoGo^bi. ^ByxneTjie- 



Boe BbiHHCjieHHe |oo|, loDj yxasbiBaeT, hto HapymeHHe KHpajibHOH CHMMeTpHH 
npoHCxoflHT npH Nf < Nc ^ ^^iM^^ii ^ ^'^^ TpeGyeTca flji5i noHBjieHHH 
Maccbi KajiH6poBOHHoro 6o30Ha. 

y HaC eCTb TpH nOKOJieHHH TeXHH4)epMH0H0B. IIOBTOMy HX HHCJIO 24 > 

4:Ntc = 16. OflHaKO, bhocot BKjia/i, tojibko Te, hbh Maccbi Menbine, neu A^c 
{Atc - 3T0 SU{'i) anajior Kqcd)- Tor/],a npe/],nojio>KHM, hto Maccbi TpeTbero 

nOKOJieHHH TeXHH(J)epMHOHOB H, B03M0>KH0, MaCCbl HeKOTOpblX H3 TeXHH4)epMH- 

OHOB BToporo noKOJieHHH cymecTBeHHO Bbime niKajibi Til,. Mbi TaK>Ke npe^no- 
jiaraeM, hto Maccbi 4)epMH0H0B, necymnx HH/],eKCbi BbicniHx rpynn rHnepi],Be- 
Ta cymecTBeHHO Bbime niKajibi TD,. HosTOMy ohh He OKasbmaiOT bjihhhhh na 
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flHHaMHKy TU,. KaK pesyjibTaT, SU{4:) BsaHMOflencTEHH Be^yT k HapymeHHio 

KHpajIbHOH CHMMeTpHH H BOSHHKHOBeHHK) MaCC W R Z 6o30HOB. 

EcjiH HHCJio TexHHcJiepMHOHOB npH6jiH>KaeTC5i K A^c ~ '^NtCi to nOBeflGHHe 

TeXHHII,BeTa CTaH0BHTC5I 6jIH3KHM K KOHcj^OpMHOMy [17]. TaKHM o6pa30M, B Ha- 

meM cjiy^ae (flBa noKOJieHHa, h Ntc = 4) noBe^eHHe TU, mojkgt Gbitb hohth 

KOH(J)OpMHbIM. 

Hto KacaeTC5i BbicniHx rpynn rHnepi],BeTa, y>Ke flji5i SU{5) BsaHMO^eft- 
CTBHH HHCJio rHnep4)epMH0H0B (4)epMH0H0B HecyinHx SU{5) HH^eKc) paBHO 
2(1 + 3 + 4 + 12) = 40 > Y = 27.5. Hpeflnojio^KHM, hx Maccbi 6jih3kh Apyr 
K Apyry. Tor^a npn K > 4 B3aHMOfleHCTBH5i ne acHMnTOTHnecKH CBo6oflHbi. 
B 34)4)eKTHBHbix 3ap5iflax MO>KeT npHcyTCTBOBaTb nojiKDC JlaH^ay. 3to 3HaHHT, 
HTO Kama MO^ejib He HMeeT nenpepbiBHoro npe^ejia, h flOJi>KHa uopfl6no CM 
paccMaTpHBaTbca KaK Mop^ejih c KOHeHHbiM o6pe3aHHeM (finite cutoff model). 
ripH 3HeprH5ix nop5i/],Ka yjibTpa4)HOJieTOBoro o6pe3aHH5i flOJi>KHa noHBHTbca ho- 
Ba5i TeopH5i, BKjiK)HaK)ina5i onHcaHHyK) Bbime b Ka^ecTBe HH3K03HeprHTHHecKoro 
npH6jiH>KeHiM. B npHHii,Hne, STa niKajia mojkct 6biTb o^enb bbicokoh, fla>Ke no- 

pHflKa MaCCbl IljiaHKa B 3aBHCHM0CTH OT 3HaHeHH5I Qsui^K) HH3KHX 3HeprH5ix. 

rpy6o 3Ty niKajiy, nanpHMep, flji5i scJicJieKTHBHoro SU{5) 3ap5ifla mo>kho oii,e- 
HHTb KaK Ah = e (27V/ -55)05,^(5) (iTcv) EcjiH, CKa>KeM, Tpn noKOJienH^^ BKiiro^a- 

K>TC5i B paccMOTpeHHe, H asu{5){^ Tev) = to nojiroc Jlan^ay b SU (5) 3ap5i/],e 
B03HHKaeT npH A/j ~ 10^^ Tev ~ lO^^Mpiank- ripH 3HeprH5ix MHoro MeHbine Ah 
SU{5) B3aHMO/],eHCTBH5i MoryT 6biTb yHTeHbi nepTyp6aTHBH0 TaK>Ke, KaK h b 
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FjiaBa 12 

Kajiii6poBOHHaa Teopna rpynnbi 
JIopeHii;a KaK B03Mo:acHbiii hctohhhk 
^HHaMHHecKoro HapymeHHH 
3jieKTpocjia6oii CHMMeTpHH 



B HacT05imeH rjiase mm paccMaTpHBaeivi bosmojkhoctb napymeHHsi 3jieKTpo- 

CJia60H CHMMeTpHH H B03HHKHOBeHH5I MaCC (^epMHOHOB CTaHflapTHOH MoflejIH 

6jiaroflap5i cymecTBOBaHHio MaccHBHbix Mop^ KpynenHH npocTpancTBa - Bpeivie- 
HH c MaccaMH nop5iflKa TsB. HpefljiaraeMasi K0HCTpyKLi,H5i saMenaeT rpynny 
TexHHi],BeTa rpynnoii JlopeHLi,a. Hcnojib3yeMa5i MO^ejib no cyTH p^ejia 5iBji5ieT- 
C5I KajinGpoBOHHOH TeopneH rpynnbi Jlopenn,a b npocTpancTBe MnnKOBCKoro 
[55] . ripn 3T0M flHnaMnnecKa5i KBanT0Ba5i Teopnsi MeTpnnecKoro noji5i, to ecTb, 
co6cTBeHno, rpaBHTan,H5i, MO>KeT cyni,ecTBOBaTb, njin ne cyni,ecTBOBaTb, hto ne 
OKasbiBaeT na name paccMOTpenne nnxaKoro BjinannH. Hn>Ke mm 6y^eM npe/i,- 
nojiaraTb onpe^ejiennocTn, hto KBanTOBaa Teopnsi nojia MexpnKH cyme- 
CTByeT n nMeeT uiKajiy Maccbi HjianKa. 

Xopomo nsBGCTno, hto KBanTOBasi rpaBnTan,n5i b 4)opMajin3Me nepBoro no- 
p5iflKa c flencTBneM HajiaTnnn njin flencTBneM XojibCTa, Be^eT k neTbipexcJiep- 
MHOHHOMy BsaHMOflencTBHK) Me>Kfly cnnnopnbiMn nojiHMH [40]. 9to neTbipex- 
4)epMHonnoe BsanMOflencTBHe mojkgt npnBecTn k KOHflencan,nn 4)epMH0H0B, ko- 
Topoe B CBOK) onepeflb, paccMaTpnbajiocb b neKOTopbix KOCMOJiornnecKnx mo- 
flejiHx, nanpHMep, b KanecTBe ncTonnnxa TeMnon aneprnn [33, ST, 



Mm paccMaTpnBaeM 4)epMnonbi, BsanMOfleiicTByiomne neMnnnMajibnbiM o6- 
pasoM c KpynenneM npocTpancTBa - BpeMenn [49] b KanecTBe ncTonnnxa ^nna- 
MHHecKoro Hapymenna 3jieKTpocjia6oH CnMMexpnn (^H3C). Hpn 3tom npe/i,- 
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nojiaraeTCH, hto MaccoBbiii napaivieTp nojia KpyneHHsi 6jih30k k 1 TaB. KaK 
y>Ke roBopHjiocb Bbime, npe^nojiaraeTCsi, hto jih6o KBaHTOBoii TeopHH MeTpH- 
HecKoro U0J151 hgt (h KjiaccHHecKasi rpaBHTaii,H5i HMeeT hhoh hctohhhk), jih6o 
ee MacmTa6 - Macca HjiaHKa. 

5ICH0, HTO KpyHeHHe, CBHSaHHOe C 4 - CnHHOpHblMH nOJIHMH 4)epMH0H0B 

CTaHflapTHoii Mo^ejiH, ne MO>KeT npHBecTH k Tpe6yeM0My ^H3C, nocKOJibKy 
OHO BsaHMOfleiicTByeT co BceiviH (JiepMHonaMH o^HHaKOBO. HosTOMy ecjiH ckoh- 
flencHpoBaHbi flonojiHHTejibHbie 4)epMH0Hbi (nasbmaeMbie flajiee TexHHcJiepMH- 

OHaMH), TO CKOH/],eHCHpOBaHbI H 4)epMH0HbI CTaH/],apTHOH MoflejiH (CM). Op^- 

HaKO, ecjiH pasMecTHTb Bce 4)epMH0Hbi CTaH^apTHOH Mo^ejiH b jieBonojisipH- 
soBaHHbix flByxKOMHOHeHTHbix cnHHopax, a TexHH(|)epMHOHbi - B npaBonojiJ^pH- 
30BaHHbix, H npH 3T0M npe;];nojio>KHTb, hto fleftcTBHe He coxpaH5ieT neTHOCTb, 
TO nocjie HHTerpHpoBaHH5i no KpyneHHio MO>KeT BOSHHKHyTb acHMMeTpHH Me>K- 
py npaBbiMH h jieBbiMH 4)epMH0HaMH. B pesyjibTaTe npaBbie 4)epMH0Hbi MoryT 
OKa3aTbC5i CKOHfleHCHpoBaHbi, a jieBbie - neT. Tax mm h nojiy^HM KOH^eHcaT 

TeXHHcjDepMHOHOB, OCTaBJIHH (J^epMHOHbl CM HeCKOH/],eHCHpOBaHHbIMH. 

fleficTBHe XojibCTa |37[ [38], [39], [40], [41] napymaeT neTHOCTb. HosTOMy, ko- 
r^a HyaHKape rpaBHTai],H5i c fleftcTBHeM XojibCTa CBsisana c (JiepMHonaMH, ona 
MO>KeT o6ecneHHTb noaBjienne Hapymaioii],Hx neTHOCTb HeTbipex4)epMH0HHbix 
BsaHMOfleftcTBHH [121 [121 IMl [15] ■ Mbi paccMaTpHBaeM fleiicTBHe XojibCTa b Ka- 



necTBe HH3K03HeprHTHHecK0H nacTH flencTBH^ ^jih KpyHenw. Ylpu 3tom TaK- 
>Ke paccMaTpHBaeTC5i HeiviHHHMajibHoe BsaHMOfleficTBHe 4)epMH0H0B c HyaHKape 
rpaBHTaH,HeH, KOTopoe caMO napymaeT neTHOCTb [45]. JJ^Ji^i Toro, nTo6bi o6ec- 
neHHTb 4)epMH0Hbi CM MaccaiviH naiviH paccMaTpHBaeTCH MaccoBbiH njien pjisi 
cnHHopoB, Hh5i jieBaj5 KOMnoneHTa coflep>KHT no Ji5i CM, a npaBasi - TexHHcJiep- 
MHOHbi. B paccMaTpHBaeMOM uopxope pup npoSjieivi MopejiePi FTY[ nojiynaeT 
paspemeHHe. 

12.1 OepMHOHbi B npocTpancTBe PniviaHa - Kapxana 

PaccMOTpHM fleftcTBHe 6e3MaccoBoro ^npaKOBCKoro cnnHopa b npocTpancTBe 
PHMana - KapTana [45] : 
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Sf = yE{ijr{C-iXl')D,iJ-[D,MC-^Xl')ri^}d'x (12.1) 

Sflecb C = ?7 + ^^Hx = p + ir - sto KOHCTaHTbi cb5I3h, E = detE"^, - nojie 
TeTpaflbi, 7^ = £"^7°", KOBapnaHTHaH npoHSBOflHasi = c^^+|(w|^^+C^^)7[a75]; 
l[alb] = |(7a76 " Ibla)- CnHHOBasi CB5i3HOCTb 6e3 KpyHHeHH5i o6o3HaHaeTC5i CJ^, 

B TO BpeMH, KaK - KOHTOpCHOHHblii TeH30p (contorsion) . OhH CB5I3aHbI c E"^, 

A4)HHH0H CB5i3HOCTbK) F*^, H KpyHeHHeM T^^, = T^^^E^ cjieflyiomHM o6pa30M: 

-.6 

] =u 



T^fiiy = = d[„E'^^^ + a;"j,[^E^] + C^^E^^ = C^^E^^ (12.2) 

3 TO npHBO/],HT k: 

CP = -(TP — T-P -\- T--P) 

^ab^L "^ic-abc C-cab ~l~ C.bca)E^ 

Cabfi = -^{Tabc — Tcab + Tbca)E'^ (12.3) 

Sflecb cabc = VadE^E^^d^^E^- Tabc = VadE^E^^T'^^,- g,, = E^E^,- Tp^, - Vp^^ = 
r^j,; HHfleKCbi noflHHMaK)TC5i H onycKaiOTCH c noMombio g n E k&k o6biHHO. 
(112.11 ) nepenHCbiBaeTC5i b BH^e: 



Sf = ^/^{#7^(C-^X7')^p^-^[^pV5](C-^X7VV^ 

^lCabMW''l'\Y}{l + r7^) - ^[7VWl(^ - P7'md\l2A) 



Sf = \l E{ii^Y{C,-ixi')D,^l^-i[D,m-^Xl')l'4^ 



S^ecb D - KOBapnaHTHaH npoH3Bo;],Ha5i OTO. HojiyHaeM: 

1 
2 

-ic,,e^[-2e«^^^S,(T/ + r7') + Ar^'^^^'\e - p^'md'x (12.5) 
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BBe^eM HenpHBOflHMbie KOMnoneHTbi KpyneHHsi: 
b = e ijki 

Tijk = -{Tjfjik — Tkr]ij) — -CijkiS + qijk (12.6) 
B TepMHHax S K T ( 112.261 ) mojkgt Sbitb npe/],CTaBjieHO b bh^g: 

+|^^[7S(^^' - 4pr^) - {rS' + ieT')^bWd'x (12.7) 

12.2 ^eftcTBHe XojibCTa h ^HpaKOBCKne 4)epMHOHbi 

PaccMOTpHM fleftcTBHe XojibCTa: 

St = -M| / EE^^ElG%d'x - ^ / EE^^ErG%d'x (12.8) 

3/],ecb = [D^^D^\ - 3to S'0(3, 1) KpHBHsna npocTpancTBa PniviaHa - 
KapTana, a = ~ flyajibHbm Tensop. B otcytctbhh KpyHeHH^^ 

BTopoii HjiGH - 3T0 HHTerpaji OT nojiHoii npoHSBOflHOH H, nosTOMy, HCHesaeT 
H3 KjiaccHHecKoro paccMOTpeHHH. O^HaKO, b npncyTCTBHH KpyHeHH5i, oh ^aeT 

HeTpHBHajIbHblH BKJia/l, B 4)epMH0HHbie B3aHM0;],eHCTBHH. 

IIpeflCTaBHM /],eHCTBHH XojibCTa B TepMHHax KpyneHHH h PHManoBOH Kpn- 
BHSHbi [44] : 

St = Ml. J E{-R + ^T^ - + ^TS]d''x + S (12.9) 

Sflecb R - PHManoBa CKajisipnaH KpHBHsna, 5* coflep>KHT Hjienbi, saBHCHinne ot 
a TaK>Ke Tax nasbiBaeMbiH HHBapHaHT Hne - 5lHa (Nieh - Yan invariant). 
npe/],nojio>KHM Ha neKOTopoe Bpeivia, hto b hojihom flencTBHH neT /],pyrHx 

HjienoB, 3aBHC5iinHx OT KpyHeHH5i. Tor^a HHTerpHpoBaHne no KpynennK) mojkgt 

6biTb Bbinojineno. PesyjibTaT HHTerpnpoBaHHH: 
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r irrT/2rzi2 2 , , .2r 2 2 2t//? 



^2AV[ep + rr/ + ^^~^^ ]}d^a: + S'e/zf^] (12.10) 

7 



Sflecb Mbi onpeflejiHjiH: 



,5 



= ^7^7^^ (12.11) 

Seff - 34)4)eKTHBHoe fleficTBHe, saBHCHmee tojibko ot U0J151 MeTpHKH. Oho bos- 
HHKaeT H3 4)yHKii,HOHajibHoro HHTerpajia no KpyneHHio. Ecjih OTcyTCTByiOT Hjie- 
Hbi, coflep>KainHe npoHSBOflHbie KpyneHHsi, S^fj cbo^htcsi k nepenopMnpoBKe 
KOCMOJiorHHecKOH nocT05iHHOH. rio 3T0H npHHHHe HH>Ke Mbi GFO onycKaeM. He- 
Tbipex(|)epMHOHHbiH Hjien b (112.141 ) OTjinnaeTCsi ot nojiyneHHoro b p2] o6mHM 
SHaKOM H 3HaK0M napaMCTpa Hmmhpli,h 7 h3 - sa cooTBeTCTByioineH pa3HHii,bi 
B onpeflejieHHH fleftcTBHH (112.81) . 
BBefleM npaBbie h jieBbie tokh: 

J/^ = (12.12) 

Sflecb ^JJ+ - npabasi KOMnoneHTa ^JJ^ if)^ - jieBasi KOMnoneHTa. B flajibHeftmeM 

paCCMOTpeHHH Mbi HMeeM J\QJ10 C E"^ = (5^, H OJ^ = 0. 3t0 COOTBeTCTByeT TOMy, 
HTO flHHaMHHeCKaSI TeOpHJ5 3THX flByX nOJieft (to eCTb, C06cTBeHH0, KBaHT0Ba5I 

rpaBHTaij,H5i) jih6o HMeeT niKajiy Maccbi IIjiaHKa h noTOMy irgwQOj\wT k Tpn- 
BHajibHOMy BaKyyMy na paccMaTpHBaeMbix HaMH sneprnsix hhjkg 1 TsB, jih6o 
Taxasi TeopHH OTcyTCTByeT BOBce, h = a;^^ = 0, - no nocTpoennio. 06a 
cjiyna5i no cyTn cooTBeTCTByiOT peajiH3an,Hn npn flannbix sneprnax pacciviaTpn- 
BaeMoii Teopnn KaK KajinGpoBonnon Teopnn rpynnbi 5*0(3, 1) b npocTpancTBe 
MnnKOBCKoro [55] . 

Mbi nepecKajinpyeM jieBbie n npaBbie KOMnonenTbi il): 

Tenepb (112.101) MO>KeT 6biTb nepenncano Kax: 

= y{iijrd,iij-i[d^i^]-f^i/j}d''x 
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(1 + 72)32M2 -'^(^_^)2 (r;-r)7^ 

(r/ + r)2 (T/ + r)7^ 

+2J+J-[1 + + - 7^^]^:^ (12.14) 

77^ — r"^ (?7 — rj7 (77 + rj7 

YKasaHHaH 5*0(3, 1) KajiH6poBOHHa5i Teopna naivi HensBecTHa. Ee fleftcTBHe 
MO>KeT coflep>KaTb Hjienbi KBa^paTHHHbie no kphbhshg h, bo3mo>kho, BsanMO- 
fleiicTBHe c hhbimh HensBecTHbiMH naivi hojisimh. Hn^Ke mbi 6yfleM npe^nojia- 
raTb, HTO TaKa5i TeopH5i MO>KeT 6biTb xopomo onpeflejiena, to ecTb 5iBji5ieTC5i 
nepeHopMHpyeMOH. CooTBeTCTByiomyio eii niKajiy sneprHH oGosHanHM A^. Mbi 
nojiaraeM A^^ ~ 1 TsB hjih A^^ ~ 10 TsB. 34)4)eKTHBHbra sapa/i,, bxo^hiuhh b 
fleiicTBHe nepe/i, npoHSBOflHbiMH KpyneHHii saBHCHT ot OTHomenHH e/A^, r^e e - 
xapaKTepnasi 3HeprH5i paccMaTpHBaeivioro npoii,ecca. MaccoBbiii napaivieTp Mt 
H3 (112.81) TaK>Ke npe^nojiaraeTCsi b paftone TsB. 

Ha niKajie A^ b /],onojiHeHHe k (112.81) nacTb /],eHCTBH5i, cooTBeTCTByioma5i 
KpyHeHHK), co/],ep>KHT HjieHbi, 3aBHC5mi,He ot npoHSBO^Hbix OT T H 5*. 9to 03Ha- 
HaeT, B HacTHOCTH, HTO MoryT noHBHTbCH cjie^yiomHe Hjienbi b j\QViCTmLw. 

St = Pij EG-'^^'^Gabcdd^x ^ p2 j EG^'^^'^Cdahd^x 
+/33 / EG^'^Gabd'^x + /34 / EG'^^Gbad'^X 
+/35 / EG'^d^x + /^e / EA^^'^'^Aabcdd^x (12.15) 

C KOHCTaHTaMH CB5I3H ;5i,2,3,4,5,6- SfleCb = E^E^Gf^, G"^ = G = Gl, 

Aabcd = liGabcd + Gacdb + G'adfec + Gbcad + G'wca + Gcdah)- B fleftCTBHTejIbHOCTH, 

fleiiCTBHe (112.151) - naiiGojiee o6mHH bh^ fleficTBHsi KBa^paTHHHoro no KpHBHsne 
H He coflep>Kamero HapymenHH neTHOCTH. 

Tenepb HHTerpHpoBanHe no Kpynennio upuBOjiuT k (Il2.14i) b HHSKOsneprn- 
TnnecKOM npn6jin>Kennn e << A^^. HosTOiviy nojiyneHHaa MO^ejib c neTbipex- 
4)epMH0HHbiM BsanMOflencTBHeM - tojibko 34)4)eKTHBHoe HHSKOsneprHTHHecKoe 
npn6jin>Kenne, pa6oTaK)ni,ee npn sneprnsix, Mnoro Menbmnx niKajibi A^. 
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12.3 npe/],ejibHbie cjiynan 



PaccMOTpHM pasjiHHHbie npeflejibHbie cjiyHan ( 112.141 ). Hama Li,ejib saKjiiOHaeT- 



C5i B TOM, HTo6bi HaHTH BOSMOJKHOCTb cymecTBOBaHHH npHTHrHBaiomero Bsan- 

M0fleHCTBH5I MCyKfly npaBblMH 4)epMH0HaMH B TO BpeM5I, KaK BSaHMOflefiCTBHe 

MGJKfly jieBbiMH 4)epMH0HaMH - jih6o OTTajiKHBaiomee, jih6o npeHe6pe>KHM0 Ma- 

JIO. HpH 3T0M TaK>Ke Heo6xOflHMO, HT06bI BSaHMO^eHCTBHe MeyKflJ JieBblMH H 

npaBbiMH 4)epMH0HaMH 6bijio Majio no cpaBHenHio c B3aHM0/],eHCTBHeM meyKpy 
npaBbiMH 4)epMH0HaMH. Bee 3to naivi Heo6xo;],HMO, HTo6bi o6eeneHHTb KOH;],eH- 
eai],HK) npaBbix 4)epMH0H0B, 6jiaroflap5i KOTopoft 9jieKTpoejia6a5i eHMMeTpna 
HapymaeTesi enoHTaHHO. Hpn stom mbi TaK>Ke nojiy^HM OTeyTeTBHe KOHflenea- 
ii,HH jieBbix 4)epMH0H0B, KOTopbie HenojibsyiOTesi p^jiii pasMeineHHsi 4)epMH0H0B 
CTan^apTHOH Mo^ejiH. 

12.3.1 ^eficTBHe IlajiaTHHH 

3tot ejiynaft eooTBeTeTByeT 6eeK0HeHH0My SHaneHHio napaivieTpa Hmmhpii,h 7. 
HivieeM: 



Sf = ll{ii^rd,il;-i[d,i;]ri;}d' 



il + r] 

4, 



+2J+J_[1 + (12.16) 



HepeKpeeTHbie Hjienbi nenesaiOT, eejin 1 + ^izfi = to eeTb |C| = \x\- 
OTTajiKHBaHHe MeyKflj J_ h npHT5i>KeHHe ue^Kflj BOSHHKaeT npn 

ICI = lxl 

|ReC + Imx| < |ImC-Rex| 

|ReC-Imx| > |ImC + Rex| (12.17) 
BsaHMOfleiieTBHsi Me>Kfly J_ nenesaiOT, eejiH |ReC + Imx| = |IniC — Rex|- 
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12.3.2 BTopoii hjigh b ^eficTEHH XojibCTa 

PaccMOTpHM CHTyaD;HK), Korfla fleftcTBHe ITajiaTHHH OTcyTCTByeT, h npncyTCTBy- 

eT TOJIbKO BTOpOH HJieH B fleftCTBHH XojibCTa: 

Sf = y{iijrd^,^-i[d^i^]r^}d^x 

+2J+J_[/i^ - 7^^]}(i':c (12.18) 
^(77 -r) (77 + r)^-' 

^ji5i Toro, HTo6bi Hc^es nepeKpecTHbiii ^jien Heo6xoflHMO, HTo6bi 

,1±JL = ,1^ = „ (12.19) 

r^e a - HOBaa KOHCTaHTa cbhsh. 
HMeeM Torfla: 

•S/ = y{i4'l''d^i>~i[d^4'h''i>}d*x 

OTTajiKHBaHHe Me>K/],y J_ h npHTajKenne Mexc^y J+ BOSHHKaeT npn 

= 7^—^ = « > 12.21 
[f] -t) (77 + r) 

12.3.3 06iii,HH cjiynaii 

B o6iii;eM cjiynae Toro, HTo6bi nojiy^HTb npHT5i>KeHHe Me>Kfly TexHH4)ep- 

MHOHaMH H OTTajiKHBaHHe Me>Kfly 4)epMH0HaMH CM HaM Heo6xoflHMo: 

|1 - 7 + 7 ^1 = a+ > 



(1 + 7^)2 ^ (77 - r)2 (77 - r)7 

7- --^ —1 + -^T + 7 ^ \ = a- > \) (12.22) 

(1 + 7^)2^ (77 + t)2 (T/ + r)7-^ ^ ' 

J\jl^ TOrO, HT06bI HCKJHOHHTb HepeKpeCTHblH HJIGH J+ J_ HaM Heo6xO/],HMO 

. {l + ^ + /±i^_/zi^}| = |„,_|«a, (12.23) 



(1 + 7^)2 rf - (77 - r)7 (7/ + r)7 
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PaccMOTpHM cjieflyioinyK) o6jiacTb KOHCTaHT cbhsh: 



\r] - r| << 1 

\r] + r\ \6 — p\ \6 + p\ 1 

7 - 1 (12.24) 

B 9T0H o6jiacTH Mbi MO>KeM npeHe6peHb HjienaMH c h J J+, h /],eHCTBHe 
npHHHMaeT bh^: 

^^L^pL£)l f Jld^^ (12.25) 



(l + 72)32M2(r/-r: 

3to OTTajiKHBaHHe MeyKflj npaBbiMH 4)epMH0HaMH. flji5i Toro, HTo6bi nojiy- 
HHTb npHT5i>KeHHe cjie^yeT noMeHOTb o6mHH snaK b (112.81) . OopiviajibHO sto 



SKBHBajieHTHO saMGHe Mt — > iMx- Cjie^yeT OTivieTHTb, hto flaHHaa CHTyai],H5i 
cooTBeTCTByeT 3HaKy fleHCTBH5i riajiaTHHH, npoTHBonojio>KHOMy o6inenpHH5iTO- 
My. 

12.3.4 06cy:a<:^eHHe 

EcjiH fleftcTBHe (112.81) npncyTCTByeT c KonenHbiM 7, b to BpeM5i, KaK 4)epMH- 
OHHoe fleftcTBHe coflep>KHT HenyjieBbie saTpaBOHHbie KOHCTaHTbi C h x, to Bce 
34)4)eKTHBHbie 3ap5i/],bi 6, ?7, p, r nojiy^aiOT BKjia^bi ot neTjieBbix nonpaBOK 6jia- 
roflapa flHHaMHHGCKOMy KpyHGHHio. Pa3yMeeTC5i, sto mojkgt paspyniHTb ycjio- 
BH5I (112.171) . (112.191 ). (112.231) , (112.221 ) h Heo6xoflHMa 6yj\eT neKOTopasi TOHKasi 
HacTpoHKa /],ji5i Toro, HTo6bi y/],ep>KaTb TOHHoe (hjih, hohth tohhog) Tpe6oBa- 
HHe (1I223D. 

HHTepeceH b stoh cb5I3h cjiynaii, Kor/],a fleftcTBHe IlajiaTHHH h KOHCTan- 
Ta X OTcyTCTByiOT. Tor^a mbi HMeeivi e^HHCTBeHHyio SespasMepnyio KOHCTaHTy 
a = a+ = a_ = Heo6xo/],HMO Hajio>KHTb ycjiOBHe na Hjienbi b fleftcTBHH, 

3aBHC5imHe OT np0H3B0/],HbIX KpyHGHIM, HTO OHH HG UpwepyT Scj^cj^eKTHBHO K 

no5iBjieHHK) pfiKCTBw IlajiaTHHH H HeHyjieBOH 34)4)eKTHBHOH KOHCTaHTbi X- Ec- 

JIH 3T0 0Ka>KeTC5I B03M0>KHbIM, Mbi HpHXOflHM K TGOpHH, B KOTOpOft peajIH3yeTC5I 

TpeGyeiviaa o6jiacTb KOHCTanT cb5I3h (npii a > 0). 
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12.4 J^Ba T^HpaKOBCKHx cnHHopa 

HHJKe Mbi c^HTaeM, mto TpaHCJi5iLi;HOHHa5i CB5i3HOCTb paBHa (5^, H o6bmHbie 
CHMBOJibi KpHCTo4)4)eji5i 3aHyji5iK)TC5i. PaccMOTpHM flBa cnnHopa ijj R (j). Oep- 

MHOHHOe /],eHCTBHe HMeeT BH^: 



2 A* 



npeflCTaBjieHHe 7 MaTpni],: 7^ = 
l,2,3);7' = -i7V7V = 



—i(T(t> 




HnjKe HcnojibsyeTCH cjieflyromee 



, where cr^ = cr^ = 1; cr* = — cr* (i = 



/ 



a^' 
1 
-1 

B cooTBeTCTBHH CO CKasaHHbiM Bbime HHTerpHpoBaHHe no KpyneHHio nocjie 
cooTBeTCTByiomero nepecKajinpoBanHH 4)epMH0HHbix nojieii npHBO^HT k 



+ 



(3/],ecb Mbi npeflnojiaraeM, hto KOHCTanTbi cbhsh Bbi6paHbi Tax, HTo6bi OTcyT- 
CTBOBaji nepeKpecTHbiii Hjien c BsaHMOfleftcTBHeM Me^K^y npaBbiMH h jieBbiMH 

TOKaMH.) 



/ 



06pa3yeM noBbie cnnHopbi -0^ = 



H = 7^ 



/ 



V 



0. 



Tor^a npHxoflHM 



K cjieflyiomeMy BbipajKenHio fljiH 34)4)eKTHBHoro fleiiCTBHii: 



•5/ = /Wa7^5MV'.-^(^^a7yV'a)(V^.7i7'^^ 



+ / {iV^,7^5^V't + Y^(V^t7yV'0(V't7^7'V't)}c^'^ (12.28) 

KaK H Bbime, mm nojiaraeM > 0,a+_ = 0. Tor^a BOSHHKaeT npHTH- 

5KeHne MQyKji^ il)t H OTTajiKHBaHHe MejKfly '05. MejKfly co6oii h V^s He B3an- 

MOfleilCTByiOT. 9tO OTKpblBaeT BOSMOJKHOCTb TOrO, HTO 0^ CKOHfleHCHpOBaHO, a 

05 - HeT. 
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12.5 HapymeHHe SjieKxpocjiaSoii chmmgtphh 



PasMecTHM Bce 4)epMH0Hbi CTaH^apTHOH MoflejiH b jieBbix HacTsix cnHHopoB. 
CooTBeTCTBeHHO, TexKHcj^epMHOHbi pa3MeinaK)TC5i B npaBbix HacTax. 34)(J)eK- 

THBHOe HH3K03HeprHTHHeCK0e /],eHCTBHe HMeeT BHfl: 

+ / [irtl'D.rt + ^(V^tVfV^Dl^^hfV^?)}^':^ (12.29) 

Sflecb HH/],eKCbi a, h HyiviepyiOT ^HpaKOBCKHe cniiHopbi, a npoH3BO/],Ha5i D co- 
flep>KHT Bce noji5i CM. IlpHMeHHM npeo6pa30BaHHe OHpii,a k HeTbipexcJiepMH- 
OHHOMy Hjieny b ( II 2. 291 ): 



^4 = /{-^(C7¥v^:)(fe7^^.')}rf':^ 

3a- 



+ [(V^?L7z<J(V5?,L7>t%) + {L R)]]d'x 

+ + {L R)]}d'x (12.30) 

B 3T0M BHfle fleftcTBHe HMeeT 4)opMy anajiorKHHyK) pacniHpeHHoft MOflejiH HaM- 
6y - HoHa - Jla3HHH0 (PHHJl) ^jih i/jt (cm (4), (5), (6) b [52]) (BnpoHeM, c 
OTpHii,aTejibHbiM Gy)- TaK>Ke mm HMeeM OTTajiKHBanHe ueyKpy il)s- 

^jiH nocjie^yiomero paccM0TpeHH5i mbi o6o3HaHaeM J\f = = 24 hhcjio 
TexHHcJiepMHOHOB; Gs = ^iQM'i^^ ] Gy = —\Gs- 3/],ecb - yjibTpacj^HOJieTO- 
Boe o6pe3aHHe, KOTopoe b ^aHHOM cjiy^ae sBjiiieTcs 4)H3HHecKHM napaMexpoM 
MOj\ejm PHHJl. Ero 3HaHeHHe 3aBHCHT ot cbohctb MO/];ejiH, onHCbmaiomeH no- 
HBjieHHe HeTbipex4)epMH0HHbix B3aHM0fleHCTBHH. B HameM cjiy^ae ^oji^kho 
BbiHHCJi5iTbC5i B MOflejiH ynoMHHyTOH BbiHie 5'0(3, 1) KajiH6poBOHHOH TeopHH. 

CooTBeTCTBeHHO, 3Ta BejIHHHHa HO HOpSIflKy BejIHHHHbl COBHa^aCT c HiKajioii 
3T0H KajIH6pOBOHHOH TCOpHH, HTO H BCflCT K HCH0JIb30BaHH0My HaMH TOJKflC- 

CTBy o6o3HaHeHHH HiKajibi 5*0(3, 1) Mo^ejin h o6pe3aHH5i b PHHJl Mo^ejiH. Mbi 
TaK>Ke o6o3HaHaeM Qs — ^^^^^ — — 
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^ajiee, BBOfliiTCii BcnoMoraTejibHbie nojiH iif, L^, h R^, h HOBoe fleiicTBHe fljiH 
HMeeT bh^: 

+ jm^Ll'Lt^U) - ^TrL^L, + (L R)]d'x (12.31) 

MHTerpHpy5I no 4)epMH0HaM, mm npHXOflHM K 3(|)(|)eKTHBH0My /^eilCTBHK) flJI5I 

yKasaHHbix BcnoMoraTejibHbix nojieii (h hctohhhkob 4)epMH0HHbix 6hjih- 
HeiiHbix K0M6HHaLi;Hii) . PesyjibTHpyiomee 94)4)eKTHBHoe fleiiCTBHe HMeex mhhh- 
MyM npn H = m^l, r^e rrit nrpaeT pojib Maccbi TexHH4)epMH0H0B (paBHoii fljiii 

BCeX TeXHH4)epMH0H0B) . 

IlpHMeHHM cjieflyiomyK) peryji5ipH3ai],Hio: 

^ r dre--(^''+-') (12.32) 

pi _|_ j^Z 

C 3T0H peryjiapH3ai],HeH Bbipa>KeHHe p^jin KOH^eHcaTa ijjt paBHO (nocjie Bh- 
KOBCKoro noBopoTa): 

= "^^i (2^^7TT;i = -'^^"^^i (2^?W 

4m?r(-l,^) (12.33) 



167r2 ^ ' 'A2 



S^ecb r(n,x) = ye ^z". npH6jiH>KeHHe cpe^nero nojia ^aex: 

= -p, < i)tiJt > (12.34) 

To ecTb 

2 2 2 

Tf) TT) TD 

m, = Gsm,{exp(--|-) - -|r(0, -i)} (12.35) 

X X X 

3to ypaBHenne ne saBHCHT ot Gy- OneBH/^no, cymecTByeT KpHTH^ecKoe snane- 
HHe Gs- npH Gs > 1 gctb nenyjieBoe pemeHne p^ji^i rrit, a ^jih Gs < 1 - hgt. 9to 
osHanaeT, hto b ^anHOM npH6jiH>KeHHH K0H^eHcai],H5i TexHH4)epMH0H0B npoHC- 
xoflHT npH 
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Trr/],a, 



Mt < M^"*^^^i = J3a+Nt^ - v^A;, (12.36) 

4:7T 

HanpHMep, npn ~ 10 TaB h a+ ~ 1/100 mm MO>KeM nojiyHHTb 

^critical ^ I 

TsB. 

TexHHnHOHHaH KOHCTaHTa Ft b ^aHHOM npH6jiH>KeHHH paBHa 

^-^m^) (12.37) 

X 

^'N ^ - ^ (12.38) 

HTo6bi HMeTb npaBHjibHbie snaHeHHa Mace W r Z - 6o30hob, naM Hy>KHO HMeTb 
Ft ~ 250 TsB. Upu Mt = Mffit^^^^ HMeeM = h = 0. Kor^a Mt 
yMeHbmaeTC5i, rrit yBejiHHHBaeTC5i ii /],0CTHraeT 3HaHeHH5i nop5i/],Ka A^^ rpfi - to b 
paftoHe Mt = Mf^'^''^/2. Hpn stom Ft ~ ^^5^. HocKOJibKy A^ > 1 TsB, 
HaM HyjKHO HMeTb ^eriticai << 1- UobiHHbie apryMCHTbi ecTecTBeHHOCTH 
(naturalness) npHBe^yT k x = ^^^7, .tL^f^'^ ~ 0.1. MeHbinne SHaHGHHH stofo 

[Mrp \ 

OTHomeHH5i osnaHajiH 6bi, hto Heo6xo/],HMa TOHKaa noflCTpoiiKa, CHHTaioma5iCH 
HeecTecTBeHHOH. Ilpn Majibix x HMeeM: Ft ~ \J Nt/2^x ~ 0.25 TsB. IIosto- 
My ecTecTBeHHOCTb hphbo^ht k TOMy, hto cjihhikom GojibHine SHaHenHH A^ ne 
flOJi>KHbi peajiHSOBaTbCH h cjie/],yeT orpaHHHHTbCH A^ b npe^ejiax Me^K^y 1 TsB 
H 10 TsB. 

OTpHLi,aTejibHbie G^/ Be^yT k no^iBjieHmo Hjiena b fleiicTBHH c {p\ + p|^), 
Ffle /o^^ = {i^t il^i^t l) k /^^^ ~ il^i^R l) ~ njiOTHOCTH npaBbix h jieBbix 

TeXKHcj^epMHOHOB. 3t0 B3aHM0/],eHCTBHe 34)4)eKTHBHO COOTBeTCTByeT nOJIO>KH- 

TejibHOMy cflBHpy xHMHHecKoro noTeHn,Hajia /i. IIosTOMy OTpHLi,aTejibHbie Gy 
CflBHPaiOT BOCCTanoBjieHHe CHMMeTpnH k MenbinHM 3HaHeHH5iM fi. OflnaKO, mm 
o>KH/],aeM, HTO 3T0 HSMeneHHe npn Gy = ~\Gs ne Bjin^^eT na 4)H3HKy npn 

/i = 0, X0T5I 3T0 flOJIJKHO 6bITb Hpe^MeTOM flOnOJIHHTejIbHOFO HCCJieflOBaHHH. 

B OTcyTCTBHH KajinGpoBOHHMx nojien CM CHMMeTpna SU{M)l ® SU{M)r 
Bbipa>KeHH5i (112.291 ) Hapymena j\o SU{M)v (s^ecb M - nojiHoe hhcjio 4)ep- 
MHOHOB CM). OTHOCHTejibHaa opHeHTaij,HH KajiH6poBOHHOH rpynnbi CM Gw = 
SU{3)(^SU{2)(^U{1) H SU{Af)v h3 SU{Af)L0SU{J\f)R SU{N)v ne HMeeT 
3HaHeHH5i. OflHaKO, Kor^a BKjiioHaiOTCsi noji5i CM, 34)4)eKTHBHbiH noTeHn,Haji, 
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BOSHHKaiOmHH H3-3a oSMGHa KajIH6pOBOHHbIMH 6o30HaMH CM, 3aBHCHT OT 3T0H 

opHeHTaii,HH. MHHHMyM noTeHii,Hajia /],0CTHraeTC5i b BaKyyMHOM cocto5ihhh h 
onpefleji5ieT KapTHHy HapymeHH5i Gw- 3tot npoii,ecc H3BecTeH KaK BaxyyiviHoe 
BbipaBHHBaHiie (cm., Hanpniviep, [SBIET]). 34)4)eKTHBHbiH noTeHii,Haji HMeeT bh/i, 

V{U) = 4 E elTT{e''/ue''/u+) 

a^SU{3),SU{2),U{l);k 



2' 



■J^TT a=SU{3),SU{2),Uil);k 

3flecb HeT cyMMHpoBaHH5i no A. ^^'^ - renepaTopbi Gw^ A^^{x) - nponaraTop 
KajinGpoBOHHoro 6o30Ha, J^l-ji = {i^t,L;R^ablii^t,L;R) ~ TGxnHcJiepMHonnbie tokh; 
MaTpHH,bi Af^ - renepaTopbi SU{J\f). U G SU{Af) onpe;];eji5ieT OTnocHTejibnyio 
opnenTan,nio SU{J\f)v h Gw- F - TexnnnnonnaH KoncTanTa. B o6m,eM cjiy- 
nae mojkct 6biTb OTpHn,aTejibnoH. O^naKO, b npHBO/],5iTC5i apryivienTbi 
B nojib3y Toro, hto > 0. A nivienno, 6bijio noKa3ano, hto ecjin B3aHM0- 
fleiicTBHe TLJ, nepenopivinpyeivio n acHMnTOTnnecKH CBo6o/],no, to nivieiOT MecTO 
npaBHjia cyMM fljia cneKTpajibnbix 4)ynKn,nH. Hpeflnojiarasi, hto b cneKTpajib- 
nbix 4)ynKn,H5ix, cooTBeTCTByK)m,nx BeKTopnoMy n aKcnajibnoiviy BeKTopnoMy 
KanajiaM < 0|r[J^J^|0 > /],OMnnnpyK)T eflnncTBennbie cocTOHnna, naxo^nivi, 
HTO A^ > 0. B nameM cjiynae /],HnaMHnecKoe Kpynenne nrpaeT pojib Texnn- 
n,BeTa. nojib3y5icb anajiornen c TU, mm npe^nojiaraeM, hto ^nnaMnnecKasi Teo- 
pH5i KpynenH5i npHBO^HT k A^ > 0. Hpn 3tom npe^nojio^Kennn TaK>Ke, KaK b 
Mbi npnxoflHM k BbiBOfly, hto Gw napymeno MnnnMajibnbiM o6pa30M. 3to 
03nanaeT to, hto noflrpynnbi Gw nenapymenbi j\o Tex nop, noKa SToro nejib35i 
H36e>KaTb. OopMa Kon;],encaTa (112.331) Tpe6yeT, hto SU{2) n t/(l) - napymenbi. 
riosTOMy, TaK>Ke, KaK n b SU {Ntc) MO^ejin Oapn - CaccKnnfla b nameM cjiynae 
SU (3) rpynna nenapymena, a 3jieKTpocjia6a5i rpynna napymena npaBnjibnbiM 
o6pa30M. 

12.6 MaccoBbiH hjigh 

PaccMOTpnM flencTBne c /],onojinnTejibnbiM MaccoBbiM njienoM ^jia if) vl (j): 
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Sf = l{'-^ariC-iXj')D,^a+ic.C.)}d'x 

+ / {'^^%nc - ^xi'wi + ic.c.)}d'x 

4, 



^aa'i^ai^a' + {bb'(pbMmod X (12.40) 

Sflecb mo - KOHCTaHTa pasMepnocTH Maccbi, a f - apMHTOBa MaTpHLi;a KoncTanT 
CB5I3H. HHTerpHpyH no KpyneHHio, nojiynaeM: 

" V[ReC]^-[Imx]^ ^'^'-°'~ ^ + - 

(12.41) 

Mbi cocTaBHjiH HOBbie cnHHopbi -0" = ^[ReC] — [Imx] | ^ ^ | h = 



+ 



7V[R<] + [Imx] 

/],ajiee, npeneSperaeM KajinSpoBOHKbiMH nojiHMH CM, KOTopbie flOJi>KHbi pac- 
CMaTpHBaTbCii KaK BOSMyineHHii. Mbi TaKJKe bbo^hm BcnoMoraTejibHbie nojia, 
KaK B noflxofle PHHJl: 

+ / {irtYD,rt]d'x 

+ jm^Ll'Lf^l^lL) - ^T^^L^L, + (L R)}d'x 



V[ReC]2 - [Imx]2 



3q!+ 

^sA ^; 7 ^; m,a' + (c.c.))d x 

(12.42) 



HHTerpHpoBaHHe no TexHH4)epMH0HaM Be^ex k noiiBjiennio 94)(^eKTHBHoro 
noTeHu;Hajia fljia H HMeionj;ero MnnniviyM npn H = rritl. So, H = rritl + rj\e 
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h - Hyjib. HMeeM: 

- picw n ( _x ) '^"'-^^^ -'^M-t.) 

(12.43) 

r^e Djj^ = — i^-^L^ — i^-^Rfj). S^ecb mm o6o3HaHHjiH Seff = 
—iSpLog[ij^D^ — rritl — h]. 

npeflnojio>KHM, HTO nit >> tjiq. ^ajiee, npn SHeprnax MHoro MeHbinnx, hgm 
Mt Mbi MO>KeM onycTHTb 4)epMH0HHbie HjieHbi fljiH i/jg- Mbi TaK>Ke npeneSperaeM 
4)jiyKTyaLi;H5iMH n R Bosjie hx nyjieBoro BaKyyMHoro SHaneHHH: 

S; = / UiYd, - p^^p^^ij^fK]-')*»rf'^ (12.44) 

B pesyjibTaxe MaccoBbiii ^jien j\ji5i ijjg no5iBji5ieTC5i c MaccoBoft MaTpHLi,eii 



CjieflyeT OTMeTHTb, hto ^jih Toro, HTo6bi HMGTb nojiojKHTejibHO onpeflejieH- 
Hoe mg Heo6xoflHMO, HTo6bi 6bijio [ReC]^ > [Imx]^, a MaTpHLi;a f nojiojKHTejibHO 
onpe^ejiena. Kor^a [Re^]^ < [Imx]^, mm MO>KeM CKOMnoHOBaTb cjie^yiomnM 

o6pa30M: ip^ = y^[Re(JT~[lnixJ 



H nojiy^HTb ms = ^i^^f^^eCV m 



12.7 BbiBO^bi 



B SToii rjiaBe mm paccMOTpejiH 4)epMH0Hbi, BsaHMOfleiiCTByioiuHe neMHHHMajib- 
HbiM o6pa30M c HyaHKape rpaBHTaLi;Heii. HocjieflHiifl coflepjKHT flHHaMH^ecKyio 
TeopHK) MeTpn^ecKoro nojiH na niKajie Maccbi IIjiaHKa h KajiH6poBOHHyK) Teo- 
pHK) 50(3, 1) rpynnbi na niKajie ot 1 TsB 10 TsB. Hama uop^ejih cop^ep- 
>KHT fleiiCTBHe XojibCTa c MaccoBMM napaMGTpoM na niKajie TsB. Hocjie hhtg- 

rpHpOBaHHH no (|)epMHOHaM n05IBJI5IK)TCa 34)4)eKTHBHMe HGTbipexcjDepMHOHHMe 

BsaHMOfleiicTBHH. Mm pasMemaeM Bce 4)epMH0Hbi CM b jieBonojiapHSOBanHbix 
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HacTHx ^HpaKOBCKHx cnHHopoB, a flonojiHHTejibHbie TexHH4)epMH0Hbi - B npa- 

BOnOJI5ipH30BaHHbIX. OnpeflejieHHblH Bbl6op KOHCTanT CB5I3H npHBOflHT K TOMy, 

HTO yKasaHHbie HeTbipex4)epMH0HHbie BsaHMOfleiiCTBHii ueTKpj TexHH(|)epMHO- 
HaMH HMeiOT xapaKTep npHTHJKenHH, a Me^K^y 4)epMH0HaMH CM - OTxajiKHBa- 
HH5I (hjih npeHe6pe>KHM0 Majibi), npn stom nepeKpecTHbie Hjienbi MejK^y TOKa- 
MH (J)epMHOHOB CM H TexHiK^jepMHOHOB npeHe6pe5KHMO Majibi no cpaBneHHio 
c BsaHMO^eiiCTBHeM Me^Kfly TexHH4)epMH0HaMH. Upn onpe;];ejieHHbix ycjiOBHHx 
TexHH(|)epMHOHbi OKa3biBaiOTC5i CKOHfleHcnpoBaHbi, HTO npHBOflHT K HapymeHHK) 
9jieKTpocjia6oH chmmgtphh h nosBjieHHio Mace W k Z - 6o30hob. 

JJ,ji5i Toro, HTo6bi o6ecneHHTb noHBjienHe Mace 4)epMH0H0B CM, mm flo6aB- 
jiHCM MaeeoBbiii hjich fljiii ^npaKOBCKHx cnHHopoB, eoflep^KamHx b cbohx jie- 

BOnOJI5ipH30BaHHbIX KOMnOHCHTaX 4)epMH0Hbi CM, a B npaBOnOJI5ipH30BaHHbIX 

KOMnoHCHTax - TexHH4)epMH0Hbi. B pe3yjibTaTe noiiBjiiieTCii MaccoBbiii hjich fljiH 

4)epMH0H0B CTaH^apTHOil MoflCJIH. 

12.8 ny6jiHKaii,HH 

Pe3yjibTaTbi nacTOsiineH rjiaBbi ony6jiHKOBaHbi b pa6oTe 

"Torsion instead of Technicolor M. A. Zubkov, Mod. Phys. Lett. A25:2885- 
2898,2010 
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SaKjiioHeHHe 



HxaK, KpaTKO nepe^HCJiio ocHOBHbie pesyjibTaTbi flHccepTaD;HH. 

HepBaii ^acTb. B nepBoii rjiaee 6bijiH Hsy^enbi (J)paKTajibHbie h nepKOJia- 
D;HOHHbie CBOHCTBa D;eHTpajibHbix BHxpeii b rjiioo^HHaMHKe b MaKCHMajibHoft 
ii,eHTpajibHOH npoeKii,HH. Bbijio npefljio>KeHO noH^^THe ii,eHTpajibHoro mohoho- 
jiH. Bo BTopoii rjiaBG npe;],jio>KeHa npocTaa ii,eHTpajibHa5i npoeKii,H5i, b paMKax 
KOTopoii HsyneHbi CBoiicTBa Li,eHTpajibHbix BHxpeii h paccMOTpena hx cbhsb c 
K0H4)aHHMeHT0M. B TpeTbeft rjiabe nojiy^eno TO^Hoe A6ejieB0 npeflCTaBjieHne 
fljiH Hea6ejieBoii nexjin BHjibcona na pemeTKe. 

BTopaa nacTb. B neTBepToii rjiaBe 6bijia paccMOTpena pemeTOHHaa Mo^ejib 
BaHH6epra - CajiaMa, HayneHbi ee CBoftcTBa npn He4)H3HHecKH 6ojibmHX snane- 
HH5IX nocTOHHHoii TOHKoii CTpyKTypbi. B U51T0R rjiase 6bijio noKaaaHO, hto mo- 
HonojiH HaM6y CKOH/],eHCHpoBaHbi npn xeMepaxypax Bbime TeMnepaTypbi 3jieK- 
Tpocjia6oro nepexo^a. B mecTofi rjiabe 6bijio npofleMOHCTpHpoBano cymecTBO- 
BaHHe (J)jiyKTyaLi;HOHHoii o6jiacTn b OKpecTHOCTn (^asoBoro nepexo^a b peme- 
TOHHoii MOflejiH BaiiH6epra-CajiaMa npn nyjieBoft TeMnepaType. 

TpeTbH HacTb. B cej^huoPi rjiabe paccMaTpnBajiacb flByMepnaH KBaHT0Ba5i 
rpaBHTaii,H5i c fleiiCTBHeM, KBaflpaTHHHbiM no kphbhshg. HojiyHeHO pemeHHe b 
npe^ejie cjiaSoii cbhsh. HoKasaHO, hto na /],HCKpeTH3aii,HK) Pe^^Ke mo>kho najio- 
5KHTb flonojiHHTejibHoe ycjiOBHe, npn KOTopoM Mepa JlyH^a - Pe^JKe CTaHOBHTCH 
jiOKajibHoii. B BOCbMoii rjiabe npefljiojKeHa KajiH6poBOHHO - HHBapnaHTnaii flnc- 
KpeTH3aD;H5i TejienepajiJiejiHSMa h KajiH6poBOHHO - nHBapnaHTHaii flHCKpexHsa- 
d;h5i HyaHKape - rpaBHTai],HH. B fleBHToft rjiaBe HHCJienHO HCCJie;];oBaHa Mop,ejih 

/],HHaMHHeCKHX TpHaHryjI5III,HH npH SaTpaBOHHOH pasMepHOCTH 10. 

HeTBepxaH nacTb. B flecHTOii rjiabe HsyneHbi MOHonojiH b M0fleji5ix Majio- 
ro o6'beflHHeHH5i. B o;];HHHaflLi;aTOH rjiabe npefljiojKeHO npoflOJiJKeHHe Zq chm- 
MeTpHH CTaHflapTHoii MoflejiH na MOflejin TexHHD;BeTa. IIoKaaaHO, ^to jinmb 
HeMHorne h3 MOflejieii TexHHD;BeTa o6jiaflaK)T SToii flonojiHUTejibHoii ^HCKpeT- 
HOH CHMMeTpneii. B j^BenajmaToPi rjiaBe npefljio^Keno HcnojibsoBaTb KajiH6po- 
BOHHyK) TeopHK) rpynnbi JlopeHij,a p^jisi oGecneneKHH ;],HHaMHHecKoro napyme- 

3jieKTp0CJia60H CHMMCTpHH. 

B saKjiioHeHHH si xoTeji 6bi BbipaanTb 6jiaroflapHOCTb xeM jiioflHM, KOTopbie 
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TaK HjiH HHane noMorajiH Mne h 6e3 KOTopbix HanHcaHHe SToii flHCcepTaLi;Hn 
6bijio 6bi HeB03M0>KH0. Hpe^Kfle Bcero, sto moh po^HTejiH, TaTb5iHa MnxaiijioB- 
Ha 3y6KOBa h AjieKcaH^p MHxaiijiOBHH 3y6KOB. Oco6yio pojib b mogh nayHHOH 
cy/],b6e Cbirpaji npocj). Mnxanji HropeBHH IIojiHKapnoB. Oh 6biji nayHHbiM pyKO- 
BOflHTejieM Moero ^nnjiOMa h KanflUflaTCKoii flHCcepTaD;nn. B 1997 ro^y a cJ^aK- 
TH^ecKH ocTaBHji HayKy. H BepnyjiCH b nee jinnib B 2002 ro^y. Bes noflflepjKKH 
M.H. HojiHKapnoBa 9to BOSBpamenne 6bijio 6bi neBOSMOJKHO. TaKJKe h cep^en- 
HO 6jiaroflapeH Hbme noKoiiHOMy npocj). K.A. Tep - MapTHpoc5iHy, k KOTopoMy 
51 npHineji c^aBaTb TeopeTHHecKHii MHHHMyM, Gy^ynH cTy^eHTOM MOTH. Be- 
poHTHO, 51 6biji oflHHM H3 nocjieflHHx yHeHHKOB 3Toro yHHKajibHoro HejiOBexa. 
TaK>Ke H 6jiaroflapeH h npocj). KD.A.CHMOHOBy sa MHoroHHCJiennbie o6cy5Kfle- 
HH5I, noflflepjKKy h nocTOiiHHbm HHTepec k Moeft Hay^Hoii cyflb6e. 

51 6jiaroflapeH mohm KOJiJieraM h3 FHIJ, PO HT90 sa nay^Hbie o6- 
cy>KfleHH5i H 3a BejinKOJiennyio nayHHyio aTMOC(|)epy, KOTopyio ohh co- 
SflaBajiH H co3flaK)T. Cpe^H sthx jHOfleii 5i ocoGghho xotgji 6bi OTMe- 
THTb B.H.SaxapoBa, 3.T.AxMeflOBa, O.B.FyGapeBa, M.H.HepH0/],y6a, 
B.H.nieBHeHKO, K).M.MaKeeHKO, M.H.Bbicoi],Koro, B.A.HoBHKOBa, 
O.B.KaH^ejiJiH, B.JI.Ho4)4)e, B.r.KcensoBa, B.M.BaiiH6epra, A.y.^y6nHa, 
B.B.MapTeMbHHOBa, C.H.BjinHHHKOBa, E.B.JlymeBCKyio, B.F.BopHiiKOBa, 
n.B.ByiiBn;];oBHMa, B.K.MnTpiomKHHa. 9.T.AxMe;];oBy 5i oco6eHHO 6jiaro;];apeH 
3a nocTOHHHyio flpy>KecKyio no/],/],ep>KKy. 51 Gjiaro^apeH coaBTopy MHornx mohx 
pa6oT H CTapmeMy TOBapnmy, npocj). B.BaKxepy h3 CBo6o/],Horo yHHBepcHTeTa 
r. AMCTep;],aMa. 3a o6cy>KfleHH5i h xoxeji 6bi no6jiaro/],apHTb /^.TpHHcaiiTa, 
B.A. Py6aK0Ba, T.ToM6yjiHca, 51. CMHTa, 5I.AM6bopHa, O.^e Oopxpana, 
A.B.CMHjiry. 

Oco6eHHO 51 xoTeji 6bi no6jiaroflapnTb AjieKcaH^pa HBanoBH^a BecejiOBa, 
npeKpacHoro MacTepa CBoero flejia, coaBTopa MHornx h3 pa6oT, Bome^inHx b 
^HCcepTai],HK), 6e3 KOToporo ee HanncaHHe 6bijio 6bi HeB03M0>KH0. 
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51 xoTeji 6bi no6jiaroflapHTb Becb KOJiJieKTHB Ka^epphi TeopeTHnecKoii (^h- 
3HKH MOTH, rfle 5i npopa6oTaji b 2008 - 2010 r.r. h oco6eHHO ee pyKOBo;];H- 
Teji5i, K).M. BejioycoBa. TaK>Ke 5i 6jiaroflapeH ne^arorHHecKOMy KOJiJieKTHBy 
MaTeMaTHHecKoi! niKOJibi JY^ 444 r. MocKBbi, cpeflH KOTopbix xoTeji 6bi OTMexHTb 
KjiaccHoro pyKOBOflHTejiH h npenoflaBaTejiH 4)H3hkh M.^.TejibcJ^aH/i; h npenofla- 
BaTejiH MaTeMaTHKH A.r.AjieKcanflpoBa, npHBHBinero Mne, KaK h mhophm flpy- 
THM, jiio6oBb K MaTeMaTHKe. TaKJKe h xo^y no6jiaroflapHTb cbohx TOBapHmeft 
no MOTH, c KOTopbiMH mm BMecTe na^HHajiH BxoflHTb b nayxy - CTonojia h 
A.KoMGHa. 

KpoMe Toro, 5i xotcji 6bi no6jiaroflapHTb ceMbio Tpo4)HMOBbix sa neTBepTb 
BeKa flpy5K6bi. HMenno 9Ta ceMbii npo6yflHjia bo Mne T5iry k snaHHio. 

HaKoneu;, si xo^y no6jiaroflapHTb cbokd JKeny, C.H. Ko4)MaH, no HbeMy na- 
CT05IHHI0 51 BepnyjiCH B nayKy b 2002 r. n npoBeji Ty pa6oTy, pesyjibTaxbi KOTopon 
HSJiojKenbi B flHCcepTau;nn. 
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